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Abstract
Infection of Escherichia coli by the T7 bacteriophage leads to the rapid and
selective inhibition of the host RNA polymerase (RNAP) - a multisubunit en-
zyme responsible for gene transcription - by a small (7 kDa) phage-encoded
protein called Gp2 (Gene 2 protein). Gp2 is also a potent inhibitor of E. coli
RNAP in vitro. Here, we provide the ﬁrst structural insight into Gp2. The
structure of Gp2 revealed a distinct separation of positive and negative surface
charges on diﬀerent sides of the molecule. The two highly exposed arginines
are also in agreement with the mutagenesis studies, which suggested that they
have an important role on the Gp2-RNAP interaction and Gp2's function. We
have also provided the structural insight into a small domain of the RNAP b'
subunit, the b' jaw domain, which is known from previous mutagenesis studies
to possess the site for Gp2 binding. Evidence for an interaction between Gp2
and b' jaw domain were provided by Nuclear Magnetic Resonances (NMR)
titration experiments. The Gp2-Jaw complex structure solved by NMR spec-
troscopy has largely facilitated the elucidation of Gp2's inhibition mechanism
by allowing the construction of a Gp2-RNAP complex model, which also sug-
gested other possible interaction sites between RNAP and Gp2. Furthermore,
the new selective methyl labelling methods may provide experimental data for
interactions between Gp2 and RNAP by NMR.
RNAP has been used as an important target for broad-spectrum antibac-
terial therapy and for anti-tuberculosis therapy. According to the structural
model of the Gp2-RNAP complex, the binding site of Gp2 is distal to the
catalytic cleft, which does not overlap with the binding site of the antibiotic
Rifamycin. Understanding the inhibition mechanism of Gp2 may thus open
up a new route for the development of RNAP targeted antibiotics.
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1.1 Transcription - The Most Regulated Step in
Gene Expression
1.1.1 Introduction
In all cellular organisms, genes encode all of the RNA (Ribonucleic acid) and
protein molecules required to construct the cell. The process by which the
information from a gene is used in the synthesis of a functional gene product
is called gene expression. Most often, the products are proteins, but in non-
protein coding genes such as rRNA (Ribosomal RNA) genes or tRNA (Transfer
RNA) genes, the product is a functional RNA (Alberts et al., 2008).
Gene transcription is the ﬁrst and the most regulated step during gene ex-
pression. It is the process of copying of one strand of DNA (Deoxyribonucleic
acid) into a complementary RNA sequence by a complex molecular machine -
the multisubunit DNA dependent RNA polymerase (RNAP). Transcription is
a very accurate process which requires RNAP to recognise the starting and ﬁn-
ishing sites accurately on the genome. It comprises three main steps: initiation,
elongation and termination. The way in which RNAP performs these tasks
diﬀers somewhat between bacteria and eukaryotes. As bacterial transcription
will be the main concern in this project, its three steps will be described in
more detail later.
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1.1.2 RNA polymerase - the central component in tran-
scription
RNAP is the central component in transcriptional regulation (Browning and
Busby, 2004). It is tightly controlled at each step of the process to enable the
rapid switching of gene expression patterns in response to various cues.
As mentioned previously, RNAP is a multisubunit protein, and in contrast
to archaea and eukaryotes, bacteria contain only one form of RNA polymerase
core enzyme (E) (Haugen et al., 2008), which consists of ﬁve polypeptides
(a2bb'w) with a total molecular weight of about 400 kDa. Although RNAPs
from eukaryotes and archaea are more complex, they are related to bacterial
RNAPs and contain an (a2bb'w)-like core assembly (Ebright, 2000).
By the core enzyme alone, non-speciﬁc transcription is able to occur. Speci-
ﬁcity is conferred upon the core by the dissociable sigma (sv) subunit, the
key regulator of bacterial transcription, which converts E to the holoenzyme
(Esv) and allows promoter-speciﬁc transcription initiation (Gross et al., 1998).
In most bacterial species, there are multiple forms of the sv-factor speciﬁcity
species, thus multiple forms of Esv. This enables the recognition of diﬀerent
sets of promoters by the holoenzyme (Haugen et al., 2008). Most bacterial
promoters with conserved sequences near positions -35 and -10 with respect
to the transcription start site (the +1 site) depend on sv70 (the prototypical
housekeeping sv factor, of Escherichia coli) (Haugen et al., 2008). A relatively
small subset of E.coli promoters is recognised by a major variant sv factor,
sv54, under certain stress conditions (Wigneshweraraj et al., 2008). Apart from
its function of recognising speciﬁc promoter sequences, the sv subunit has two
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other main functions: to position the RNAP holoenzyme at a target pro-
moter and to facilitate unwinding of the DNA duplex near the transcript start
site (Browning and Busby, 2004). Additionally, the bacterial RNAP can be
controlled by an array of transcription regulatory proteins and small ligands,
which repress, stimulate, or modulate its activity to ﬁne-tune gene expression
proﬁles and ultimately satisfy the requirements for cell survival (Camara et al.,
2010). Notably, this highly regulated enzyme is also commonly targeted by
bacteriophages during infection to alter the activity of bacterial host RNAP
during infection to make it serve viral needs (Nechaev and Severinov, 2003).
1.1.3 RNAPs are evolutionarily conserved
It is not so surprising to discover that the core component of RNAPs from bac-
teria (subunit composition a2bb'w), archaea and eukaryotes are evolutionarily
conserved and display high structural similarity to each other (Archambault
and Friesen, 1993). This is especially evident among the large subunit (bac-
terial b and b' subunits) homologs (Lane and Darst, 2010; Archambault and
Friesen, 1993; Jokerst et al., 1989; Sweetser et al., 1987). Alignments of homol-
ogous RNAP subunit sequences reveal segments of high similarity separated
by evolutionarily variable regions, which were initially established in 1987 for
the b subunit (Sweetser et al., 1987) and 1989 (Jokerst et al., 1989) for the
b' subunit (see Figure 1.1). Some newly deﬁned evolutionarily conserved re-
gions have been established based on alignment of a much larger number of
sequences. According to the new studies (Lane and Darst, 2010), some origi-
nally deﬁned "conserved" regions are not conserved in many sequences (e.g.,
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Figure 1.1: Evolutionarily conserved regions of two large core RNAP subunits. The
purple bar represents the b subunit and the blue bar represents the b' subunit of E.coli
RNAP. The numbers above indicate amino acid positions. Orange lettered boxes indi-
cate sequence segments conserved from bacteria to man (Sweetser et al., 1987; Jokerst
et al., 1989), orange boxes indicate newly deﬁned conserved sequence segments (Lane
and Darst, 2010). Based on the new studies, the original deﬁned conserved region "E"
on the b' subunit (lettered orange box with a question mark on it), are not conserved
in many sequences (Lane and Darst, 2010). Pale yellow boxes indicate evolutionarily
variable regions absent from some bacterial species. Sites of chelation of the catalytic
Mg+2 ion on the b' subunit, the zinc ribbon domain and the b ﬂap region are indicated.
the original conserved region "E" of the b' subunit, see Figure 1.1 ).
The largest b' subunit in bacterial RNAP (∼160 kDa) is equivalent to
subunit A in archaeal RNAP; RPA1, RPB1, and RPC1 in eukaryotic RNAP
I, II, and III. Together with the other large subunit b (∼150 kDa) in bacterial
RNAP, they form the active site of the polymerase, which has determinants for
the binding of both template DNA and the RNA product during transcription
(Korzheva et al., 2000). The b subunit is equivalent to subunit B in archaeal
RNAP; RPA2, RPB2, and RPC2 in eukaryotic RNAP I, II, and III. The dimer
of the a subunit (each of ∼35 kDa) of bacterial RNAP forms the scaﬀold on
which b and b' assemble. They are conserved as D and L subunits in archaeal
RNAP; RPC5 and RPC9 in eukaryotic RNAP I and RNAP III; RPB3 and
RPB11 in eukaryotic RNAP II. The w subunit (∼6 kDa) of bacterial RNAP,
which assists b' binding to the a2b sub-assembly (Minakhin et al., 2001), is
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Bacterial RNA
polymerase
b' b a2 w
Archaeal RNA
polymerase
A'/A B D/L K +6 others
Eukaryotic RNA
polymerase I
RPA1 RPA2 RPC5/RPC9 RPB6 +9 others
Eukaryotic RNA
polymerase II
RPB1 RPB2 RPB3/RPB11 RPB6 +7 others
Eukaryotic RNA
polymerase III
RPC1 RPC2 RPC5/RPC9 RPB6 +11 others
Table 1.1: Multi-subunit RNA polymerase comparison from diﬀerent biological king-
doms, showing conserved subunits of bacterial RNAP, archaeal RNAP, eukaryotic
RNAP I, eukaryotic RNAP II and eukaryotic RNAP III (Young, 1991; McKnight and
Yamamoto, 1992; Minakhin et al., 2001).
conserved as the K subunit in archaeal RNAP; RPB6 in eukaryotic RNAP
I, II, III (Table 1.1)(Young, 1991; McKnight and Yamamoto, 1992; Minakhin
et al., 2001).
1.1.4 The structure of RNAPs
Bacterial RNAP is the simplest form of RNAP amongst the "multisubunit
RNAP family", which is comprised of bacterial RNAP, archaeal RNAP, and
eukaryotic RNAP I, RNAP II, and RNAP III (Zhang et al., 1999). High-
resolution structural studies on the essential core enzyme from the eubacterium
Thermus aquaticus (Taq) has shown that it adopts a crab-claw structure, with
a 27 Å wide internal channel, the catalytic cleft. This internal channel running
along the full length between the claws with a Mg2+ ion sits at the centre (see
Figure 1.2). The two arms of the claw are primarily comprised of the large b
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Figure 1.2: PDB 1HQM, Crystal structure of Thermus Aquaticus RNA Polymerase
Holoenzyme at 3.3 Å Resolution. Coloured subunits correspond to: aI subunit - yellow,
aII subunit - grey, b subunit - cyan, b' subunit - green, w subunit - blue. The amino-
terminus and carboxyl-terminus of each subunit are labelled as N and C correspondingly.
The Mg2+ ion chelated at the active center is indicated by an red sphere.The Zn2+
bound in b' is indicated by a grey sphere. The structure demonstrates that the core
enzyme of bacterial RNAP consists of a2bb'w subunits.
and b' subunits. (Zhang et al., 1999). The structure of the bacterial RNAP is
similar (see Figure 1.3) to the structure that is found in the archaeal RNAP
(Hirata et al., 2008) and the yeast DNA-dependent RNAP II (Cramer et al.,
2001).
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Figure 1.3: Cellular RNAP structure from three domains of life. Top panel, bacteria
T. aquaticus (PDB 1HQM); middle panel, archaea Sulfolobus solfataricus (PDB ) and
bottom panel, eukarya Saccharomyces cerevisiae RNAP II (PDB 1I50). Each subunit
is denoted by a unique colour and labelled. Orthologous subunits are depicted by the
same colour. This ﬁgure demonstrates that the RNAPs from three domains of life are
structurally similar and all have the crab-claw like shape.
1.1.5 Bacterial transcription procedures
As the central component in transcriptional regulation, RNAP is tightly con-
trolled at each step of the process (Browning and Busby, 2004). However,
the initiation of transcription is especially important as at this step, the cell
regulates which proteins are to be expressed and at what rate.
The RNAP holoenzyme (Esv) molecule only binds weakly to the bacterial
DNA when it encounters it initially. It then can slide rapidly along the long
DNA until it either dissociates again or meets a promoter. Promoters are
special, conserved sequences of nucleotides indicating the starting point for
RNA synthesis. Most E. coli promoters sequences are at positions -35 and
-10 with respect to the transcription starting site (the +1 site). They can
be recognised by the dissociable sv factors, mostly by major housekeeping sv
factor, sv70, or a related sv70 - family member. However, a small subset of E.coli
promoters are recognised by a major variant sv factor, sv54 under certain stress
conditions (Wigneshweraraj et al., 2008).
Transcription initiation by Esv70 is a multistep process and represents a
major regulatory step of gene expression. Once the promoter is recognised
by sv factor, RNAP is able to bind DNA tightly through sv factor by making
speciﬁc contacts with the promoter, and forming a competitor-sensitive closed
promoter complex (RPc). Transcription can only begin after the formation
of a transcriptionally proﬁcient open promoter complex (RPo). In RPo, the
promoter DNA bends into a deep channel and the start site nucleotide (+1)
binds in the active site located on the channel ﬂoor (Davis et al., 2007). The
strands of promoter DNA are locally melted to form the transcription bubble
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and exposes a short stretch of nucleotides on each strand. One of the two
single stranded DNA acts as a template for complementary base paring with
incoming RNA. The transition from the RPc to RPo occurs through several
intermediates and is accompanied by large-scale conformational changes in
Esv70 and promoter DNA (Davis et al., 2007; Murakami, Masuda, Campbell,
Muzzin and Darst, 2002; Mekler et al., 2002). It is relatively ineﬃcient at
transcribing the ﬁrst 10 or so nucleotides, after that, the sv factor relaxes its
tight hold on RNAP and eventually dissociates from it (Alberts et al., 2008).
The RNAP undergoes further structural changes for a more eﬃcient tran-
scription process (elongation, at a speed of approximately 50 nucleotides/second)
transcribing without sv factor.
Chain elongation continues until the RNAP encounters the terminator,
which is the second signal in the DNA. Transcription then stops and both the
DNA template and the newly made RNA chain are released from RNAP.
1.1.6 The Downstream-DBC of bacterial RNAP
During transcription initiation, elongation and termination, regulation of RNAP
is mediated in part by a network of protein-nucleic acid interactions composed
of interconnected parts of RNAP that contact DNA and product RNA (Craig
et al., 1998; Darst et al., 2002; Korzheva et al., 2000; Murakami, Masuda and
Darst, 2002). A key component in this protein-nucleic acid interaction network
occurs between ∼ 20 bp of duplex DNA downstream of the polymerisation site
(starting from the position of duplex melting 1-3 nt in front of the catalytic
centre ) and a channel in RNAP composed of a trough formed mostly by the
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Figure 1.4: Location of the b' jaw relative to the RNAP structure and downstream
DNA duplex. (a), the crystal structure of T. aquaticus RNAP (Zhang et al., 1999)
with relevant features labelled and the surface of the region forming the jaw coloured in
magenta. (b), the crystal structure of T. aquaticus RNAP in a transcription elongation
complex form. The downstream DNA duplex is numbered with +1 being the ﬁrst base
downstream of the active site (Korzheva et al., 2000; Gnatt et al., 2001). Figure taken
from Ederth, Artsimovitch, Isaksson and Landick, 2002.
b' subunit and a cover formed by the lobe domain of the b subunit, called the
downstream DNA binding channel (Downstream-DBC) (Ederth, Artsimovitch,
Isaksson and Landick, 2002). This interaction can be further subdivided into
active site proximal, which includes contacts made at +5 to +8 by the b lobe
and domain called the clamp (formed mostly by the b') (Darst et al., 2002;
Cramer et al., 2001; Gnatt et al., 2001), and active-site distal, which is com-
prised of contacts made at +10 to +20 by the b' clamp, and by the b' jaw
(see Figure 1.4).In bacterial RNAP, the jaw contact involves only a C-terminal
segment of the b' subunit (Ederth, Artsimovitch, Isaksson and Landick, 2002).
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As mentioned in previous section, in order for transcription initiation to
occur, the bacterial RNAP needs to be converted from RPc to RPo, which is
accompanied by extension of DNA-RNAP contacts from +1 to +20, a tran-
sition proposed to correspond to insertion of the downstream DNA duplex
into the DNA entry channel and concomitant unwinding of the duplex in the
vicinity of the active site (Murakami, Masuda and Darst, 2002; Saecker et al.,
2002). Once the RPo has formed, the downstream duplex lies near the b'
jaw as described above (Naryshkin et al., 2000; Mekler et al., 2002). It has
been reported that a deletion (∆1149-1190) or a single amino acid substitution
(G1161R) in the jaw of the E. coli RNAP (see Figure 1.5) leads to a reduced
level of transcription eﬃciency both in vivo (Ederth, Isaksson and Abdulka-
rim, 2002) and in vitro (Ederth, Artsimovitch, Isaksson and Landick, 2002). It
was postulated that the G1161R substitution disrupts the structure of the jaw
region, based on the high level of conservation and the known structural role
of Gly residues in protein loops (Ederth, Artsimovitch, Isaksson and Landick,
2002; Geetha and Munson, 1997). The removal of b' ∆1149-1190 is considered
to have a charge eﬀect in part of the channel since most of the basic residues
line the DNA entry channel where as the acidic ones face away from the nu-
cleic acid path (see Figure 1.5, (c) and (d)). The in vitro studies have further
proven that either disruption of the jaw structure by the G1161R mutation or
removal of the jaw by the ∆ 1149-1190 deletion appears to reduce the stability
of the RPo, so that the downstream duplex more readily falls out of the entry
channel (Ederth, Artsimovitch, Isaksson and Landick, 2002).
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Figure 1.5: Location of b' G1161R and b' ∆1149-1190 relative to RNAP structure
and downstream DNA duplex. a), amino acid sequence alignment of bacterial RNAP b'
subunit. The orange lettered boxes indicate sequence segments conserved from bacteria
to man (Sweetser et al., 1987; Jokerst et al., 1989), orange boxes indicate newly deﬁned
conserved sequence segments (Lane and Darst, 2010). The pale yellow box labelled SI
indicates the position of a 187-aa sequence insertion in E. coli b' that is not present in
most bacterial species. The amino acid residue sequence of the E. coli b' 1100-1200 is
shown at the bottom, with 1149-1190 region shown in red and G1161 indicated by an
arrow. b), close-up view of the jaw domain with ∆1149-1190 shown as a magenta worm
and the location of G1161 is shown in green and labelled. c) and d) are the same view
of surfaces of wild-type and b' ∆1149-1190 RNAPs. Colour code is indicated below for
the surface charge potentials. Figure adapted from Ederth, Artsimovitch, Isaksson and
Landick, 2002.
The importance of the jaw-DNA interaction for the regulation of transcrip-
tion is underscored by its apparent targeting by the T7 phage transcriptional
inhibitor Gp2. Deletion of b' ∆ 1148-1198 as well as substitutions in the jaw
(E1158K and E1188K) prevent binding and inhibiting by Gp2 (Nechaev and
Severinov, 1999). The details of T7 phage and Gp2 will be described in the
following section.
1.2 Transcription Regulation During Bacterial
Phage T7 Development
1.2.1 Bacteriophages - a brief history
Bacteriophages (commonly termed phages in short) are bacterial viruses, which
were discovered independently by Twort, 1915 and d'Herelle, 1917 as ﬁltrable,
transmissible agents of bacterial lysis (Fields et al., 2007). Due to its ability
to infect bacteria (based on the observation that the phages form isolated
plaques on bacterial lawns), it was hoped in the earlier days that the phages
could be used to combat pathogenic bacteria. Unfortunately, such a hope did
not materialise at the time, and instead the phages were diverted to be used
in identifying types of bacterial strains of medical interest in the 1920s.
In the early 1940s, more focus was put on studying bacteriophages (Fields
et al., 2007). Phage research was initiated, which pioneered the use of phage
in the fundamental experiments of molecular biology. In the later 1940s, quan-
titative analysis (by means of promoting the development of plaque assays on
tissue monolayers) was introduced into animal virology, forming the founda-
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tions of modern animal virology (Fields et al., 2007). A few standardised sys-
tems have been determined, which result in rapid and reproducible attachment
of phage to bacterial cells. It was also established that the infectious phage
is not recoverable from infected cells and that infectious particles appear at a
later stage (Anderson and Doermann, 1952).
At the same time, phage genetics studies began, resulting in the construc-
tion of linkage maps and the ﬁne structure genetics of the T4rII genes (Her-
shey and Chase, 1952; Benzer, 1959). The discovery and use of a conditionally
lethal mutation in λ and T4 allowed the dissection and identiﬁcation of the
developmental process of phages (Campbell, 1961).
Lysogenic bacterial strains was reported in 1940s (Fields et al., 2007), where
these strains harbour phages permanently and secret them into the medium,
without the actual lysis of the cells. From 1950 onward, the ability to introduce
all cells with a simple identiﬁable genome made phage the favoured experimen-
tal material for many molecular biology experiments such as demonstration of
DNA breakage and joining during genetic recombination, and the proof of the
triplet code (Fields et al., 2007). In the 1960s, λ in particular became the
model for the studying of genetic hierarchy (Fields et al., 2007).
More recently, phage work has not only been used as a model system for
molecular and cellular biology, it has also been merged with the rest of biol-
ogy such as evolutionary genomics, ecology and bacterial pathogenesis (Adhya
et al., 2005; Campbell, 2003). Phage therapy, a concept which has been aban-
doned after the discovery of antibiotics, has also been revisited and has been
shown to be eﬀective against pathogens that are refractory to antibiotic treat-
ment (Biswas et al., 2002; Novick and Szilard, 1951).
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1.2.2 Bacteriophage T7
Phage can be divided into three types with viruses in general: ones with mostly
small and single stranded RNA genomes; ones with small (generally less than
10 kilobases (kb), mostly single stranded DNA genomes; and ones with medium
to large (from 30 - 200 kb) DNA genomes. T7 belongs to the last type, which
includes most of the temperate phages. The classic T coliphages can be divided
into four groups according to the size of the DNA genome: T1 (about 50 kb);
T2, T4 and T6 (about 170 kb); T3 and T7 (about 40 kb); and T5 (about 130
kb).
Each group of T phages has unique properties. The phage T7 virion con-
tains 39,936 base pairs (bp) of linear double-stranded DNA which is terminally
redundant (Fields et al., 2007). The length of overlapped terminal is 160 bp
(Dunn and Studier, 1983). Phage T7 uses both host RNAP and its own viral
RNAP to process its gene expression. The early products of T7 from host
RNAP transcription include an antirestriction factor, a protein kinase that
phosphorylates and inactivates E. coli RNAP, a small protein which binds to,
and also inhibits the host RNAP and a T7-speciﬁc RNAP and a DNA lig-
ase. These all happen immediately after infection. A few minutes later, the
host RNAP is shut down by the cooperative work between two early genes
encoding virion components. Subsequent transcription of the genome is then
carried out by the T7 RNAP, which results in the initial expression of the
DNA polymerase and some recombination genes. After the termination of vi-
ral replication, the late genes encoding virion components and at least one lysis
gene are expressed. Late gene expression can be achieved even without inacti-
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vation of host polymerase, as the T7 RNAP is capable of competing with host
RNAP so eﬀectively for nucleoside triphosphates that it redirects almost all
transcription to T7 promoter. This feature has most commonly been utilised
in the design of T7-based expression vectors for DNA cloning.
Once late genes are expressed, the phage enters an assembly stage. The
packaging of T7 DNA proceeds from right to left processively along the con-
catemer, and occurs by assembly of a DNA-free procapsid that subsequently
packages DNA with the help of both accessory proteins and ATP (Son et al.,
1993). Finally, the virions are released into the medium through the ﬁnal stage
of T7 cycle, lysis.
1.2.3 Phage and host transcription
In principle, each stage of the transcription cycle can be regulated via RNAP
modiﬁcation by an array of transcription regulatory proteins and small ligands.
Phages have evolved eﬃcient mechanisms to alter the activity of bacterial
(host) RNAP during infection to shift host resources towards the production
of viral progeny (Nechaev and Severinov, 2003; Camara et al., 2010). There
are two types of modiﬁcations induced by dsDNA phages: covalent RNAP
modiﬁcations, such as phosphorylation or ADP ribosylation of target sites
in the RNAP, and modiﬁcations through low-molecular weight (MW) phage-
encoded RNAP binding proteins (Nechaev and Severinov, 2003, 2008).
Infection of E.coli by Bacteriophage T7 provides paradigmatic examples of
how covalent modiﬁcations and low-MW phage-encoded RNAP binding pro-
teins are used to modulate the activity of host RNAP (Nechaev and Severinov,
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2008). Phage T7 relies on both host RNAP, which is used to catalyse the entry
of its DNA into the cell and to transcribe a handful of early genes; and its own
single-subunit T7 RNAP to transcribe the rest of the viral genes (Nechaev and
Severinov, 2003). The host RNAP is shut oﬀ by two viral proteins, Gp0.7 and
Gp2 after early genes of T7 have been transcribed, to divert host resources to
suit the viral needs (Rahmsdorf et al., 1974). They each demonstrate one type
of host RNAP modiﬁcation.
1.2.4 Gp0.7 - inhibition by phosphorylation
Gp0.7 is encoded by T7 early gene, gene 0.7, together with T7 RNAP (encoded
by gene 1 ), transcribed by E.coli (host) RNAP. Gp0.7 is a serine/threonine
protein kinase which aﬀects the switch of transcription from host to viral
RNAP by promoting eﬃcient transcription termination at a site located be-
tween T7 genes transcribed by E.coli RNAP and viral RNAP (Pfennig-Yeh
et al., 1978). It phosphorylates a speciﬁc threonine residue (T1068) in the
evolutionarily variable region of the E.coli RNAP b' subunit, called the b'
GNCD domain, at early stage in infection (Rahmsdorf et al., 1974; Severi-
nova and Severinov, 2006). Phosphorylation is a common covalent modiﬁca-
tion of proteins. In eukaryotes, core components of all three nuclear RNAPs
are phosphorylated (Severinova and Severinov, 2006; Bell et al., 1977; Breant
et al., 1983). Gp0.7 is not essential for T7 development on cells growing in
rich media. However, during infection of cells growing in a minimal medium or
at elevated temperatures, Gp0.7 becomes very important (Hirsch-Kauﬀmann
et al., 1975). This is also observed when the function of Gp2 is attenuated by
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a point mutation in the rpoC b' gene (Hodgson et al., 1985), suggesting that
Gp2 and Gp0.7 cooperate with each other to inhibit host RNAP (Nechaev and
Severinov, 2003).
1.2.5 Gp2 - inhibition by jaw domain targeting
Gene 2 is one of the ﬁrst genes transcribed by T7 RNAP; therefore its product,
Gp2, is well suited to perform the host-to-viral RNAP switch (Nechaev and
Severinov, 2003). Gp2 is a potent inhibitor of E.coli transcription. It is a small
protein comprised of 64 amino acids, that forms tight complexes with E.coli
RNAP (Nechaev and Severinov, 1999). Sequence alignment of Gp2 with other
Gp2-like viral proteins has demonstrated six amino acid residues conserved
throughout all Gp2-like proteins (see Figure 1.6), which indicates that they
may be important to Gp2 structurally or functionally.
The ﬁne details of binding and inhibition mechanism of Gp2 to RNAP
is unknown. However, as mentioned in section 1.1.6, previous mutagenesis
studies have revealed that the structurally conserved b' jaw domain (residues
1148-1198) are essential for Gp2 binding (Nechaev and Severinov, 1999). This
structurally conserved jaw domain is also multifunctional, contributing to all
stages of transcription (Nechaev and Severinov, 1999; Wigneshweraraj et al.,
2005; Ederth, Artsimovitch, Isaksson and Landick, 2002). It forms part of
the downstream DNA binding channel, which contributes most nucleic acid
interactions during transcription initiation and elongation (see Section 1.1.6)
(Figure 1.7). Structural models based on protein-DNA cross-linking (Korzheva
et al., 2000), ﬂuorescence energy transfer studies (Mekler et al., 2002), and bio-
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Figure 1.6: Sequence alignment of Gp2 with other Gp2-like viral proteins, demon-
strating that six amino acid residues, including E28, A33, A39, Y47, R56 and R58 are
conserved throughout all Gp2-like proteins. Figure taken from Camara et al., 2010.
chemical analyses of RNAP with deleted b' jaw (Ederth, Artsimovitch, Isaks-
son and Landick, 2002) are consistent with the idea that the jaw domain could
have sequence-nonspeciﬁc interactions with bases of downstream DNA in the
transcriptionally-proﬁcient open promoter complex (RPo) and the transcrib-
ing complex. E.coli RNAP with deleted jaw domain forms signiﬁcantly desta-
bilised RPo (Ederth, Artsimovitch, Isaksson and Landick, 2002) and confers
Gp2 resistance (Nechaev and Severinov, 1999). Furthermore, E.coli RNAP
charge reversal point mutations at E1158K and E1188K of b' jaw (Nechaev
and Severinov, 1999)(see Figure 1.7) also confer resistance to Gp2. This leads
to a rough hypothesis about Gp2's function, which is to prevent the formation
of host RPo or lower the stability of host RPo during infection by interaction
with the jaw domain.
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Figure 1.7: Model of the RPo generated using the crystal structure of Taq RNAP,
taken from Camara et al., 2010, shown as a cartoon representation. The active centre
is indicated by the orange sphere. sv factor is coloured in magenta at the upstream face
of the RNAP and the path of the modelled DNA in the RPo is shown. The b' jaw
domain (E.coli residues 1149-1190) at the downstream face of the RNAP is highlighted
in green. The jaw domain forms a downstream DNA binding channel together with the
b downstream lobe and b' clamp (circled by dotted lines). The locations of amino acids
E1158 and E1188 are indicated in red.
Features of Bacterial RNAP
Advantages of Being Antibiotic
Target
An essential enzyme Eﬃcacy
Highly conserved Broad-spectrum activity
Less highly conserved with eukaryotic RNAPs Therapeutic selectivity
Table 1.2: This table summerises the features of bacterial RNAP and their correspond-
ing advantages for RNAP of being antibiotic target, which includes, high eﬃciency,
broad-spectrum activity and also therapeutic selectivity (Ho et al., 2009).
1.3 Bacterial RNAP as Antibiotic Target
As the above description demonstrates, RNAP is essential for bacterial growth
and survival; it is a sophisticated system made up of interdependent subunits
that require particular arrangements at each step of transcription to function
(Villain-Guillot et al., 2007). The disruption of any one of these steps will
severely aﬀect the transcription process. As a result of this, RNAP has been
used as an important target for broad-spectrum antibacterial therapy and for
anti-tuberculosis therapy (Ho et al., 2009). Although the bacterial RNAP is
structurally and functionally similar to eukaryotic RNAPs, they do not share
extensive sequence homology with eukaryotic RNAPs (Villain-Guillot et al.,
2007). This permits a certain level of therapeutic selectivity. The advantages
of bacterial RNAP been used as an antibiotic target are summerised in table
1.2.
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1.3.1 Tuberculosis
Tuberculosis (TB) is a common and often deadly infectious disease caused
by various strains of mycobacteria, usually Mycobacterium tuberculosis in hu-
mans (Shinnick, 1996). With TB near epidemic proportions in some parts of
the world and the rapid increase in multidrug-resistant strains of M. tubercu-
losis, the World Health Organization declared TB to be a global public health
emergency (Raviglione et al., 1995).
Rifampicin (Rif) (Sensi, 1983) is one of the most potent and broad spec-
trum antibiotics against bacterial pathogens and is a key component of anti-TB
therapy (Campbell et al., 2001). The introduction of rifampicin in 1968 has
greatly reduced the treatment time for TB, from 18-24 months to 6-9 months
(Campbell et al., 2001). Rif diﬀuses freely into tissues, living cells, and bac-
teria, making it extremely eﬀective against intracellular pathogens like M. tu-
berculosis (Shinnick, 1996). However, bacteria develop resistance to Rif with
high frequency. There is an urgent needs of developing new antibiotics which
can inhibit bacterial RNAP, but through diﬀerent binding sites or binding
mechanisms from rifampicin (Ho et al., 2009).
1.3.2 Rifampicin and Bacterial RNAP
The high resolution crystal structure of Rif-RNAP complex is available, and
has demonstrated that the rifamycins bind within a shallow concave depression
formed by residues of the RNAP b subunit ((Campbell et al., 2001), see Figure
1.8), which has led to insights into Rif binding, the mechanism of inhibition and
also the mechanism by which mutations lead to Rif resistance. The structure
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strongly suggests that the predominant eﬀect of Rif is blocking of the path
of the elongating RNA transcript directly at the 5' end when the transcript
becomes either 2 or 3 nucleotides (nt) long (Campbell et al., 2001). However,
other evidence and further structural studies of Rif-RNAP complexes suggest
that Rif binding to RNAP also induces an allosteric signal that is transmitted
to the RNAP active centre and disfavours interaction of the major catalytic
Mg+2 (Artsimovitch et al., 2005). This result in spontaneous dissociation of the
short, unstable RNA/DNA hybrids due to slowing of the reaction (Schulz and
Zillig, 1981). Therefore, the powerful eﬀects of Rif beneﬁts from both allosteric
induced changes, which interfere with the catalytic activity, as well as binding
to the RNAP tightly and disrupting a critical function of RNAP by virtue of
its presence.
1.3.3 Other RNAP targeted inhibitors
Other small-molecule inhibitors such as streptolydigin and myxopyronin tar-
get at diﬀerent sites on RNAP, thus there are potentially diﬀerent inhibition
mechanisms other than Rif. The targets do not overlap or overlap minimally
with Rif binding site, therefore these inhibitors function with no, or only mini-
mal cross-resistance with Rif. Crystal structures of RNAP-inhibitor complexes
are available for three other classes of antibiotics: sorangicin, streptolydigin
and myxopyronin (see Figure 1.9). Sorangicin shares a similar binding site as
rifamycin, which is near the RNAP active center and the mechanism of inhi-
bition is to block the extension of RNA products (Xu et al., 2005; Campbell
et al., 2005). Streptolydigin interacts with a target that overlaps the RNAP
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Figure 1.8: Rif-Taq RNAP Co-crystal Structure (PDB:1YNN, (Campbell et al.,
2001)). Top panel: Three-dimensional structure of Taq core RNAP in complex with
Rif, shown in cartoon representation. The Mg+2 ion chelated at the active centre is
shown as an orange sphere. The Rif is shown as a grey sphere. RNAP subunits are
coloured correspondingly: b, green; b', yellow; aI and aII, red and magenta; w, cyan.
Bottom panel: Zoomed in view of the Rif binding pocket of Taq core RNAP, generated
by PyMol, DeLano Scientiﬁc. RNAP backbone (cartoon representation) and RNAP
sidechain carbon atoms are shown in grey; Rif carbon atoms are shown in cyan; oxy-
gen atoms are coloured in red and nitrogen atoms are coloured in blue. H-bonds are
represented by dashed lines.
Figure 1.9: Targets of small-molecule inhibitor of RNAP, Figure taken from Ho et al.,
2009. Each panel shows two orthogonal views of RNAP. Red, target sites of speciﬁed
inhibitor; blue, target sites of Rif. (a) Target sites of Rif (Campbell et al., 2001;
Artsimovitch et al., 2005); (b) Target sites of Rif and sorangicin (Sor) (Campbell et al.,
2005); (c) Target sites of Rif and streptolydigin (Stl) (Heisler et al., 1993; Severinov
et al., 1995; Tuske et al., 2005; Vassylyev et al., 2007). (d) Target sites of Rif and
Myxopyronin (Myx) (Mukhopadhyay et al., 2008; Belogurov et al., 2009)
active centre and inhibits conformational cycling of the RNAP active centre
(McClure, 1980). It only exhibit minimal cross-resistance to rifamycins (Tuske
et al., 2005; Xu et al., 2005). Myxopyronin interacts with a target remote
from the RNAP active centre and functions by interfering with opening of the
RNAP active-centre cleft to permit entry and unwinding of DNA and/or by
interfering with interactions between RNAP and the DNA template strand
(Mukhopadhyay et al., 2008; Belogurov et al., 2009). The crystal structures
and homology models of target-inhibitor complexes are very helpful for the de-
velopment of new inhibitors based on structure optimisation (Ho et al., 2009).
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1.4 Project Aims and Objectives
Gp2 is a very potent inhibitor of E. coli RNAP; it has been used extensively
in studies of the structure-function relationship of RNAP during transcription.
However, there is neither structural data nor a binding mechanism available for
such protein. This information would be desirable not only to understand how
Gp2-RNAP interactions are mediated, but also in a long term consideration,
the mechanism of inhibition of Gp2, which may be applied to develop new
antibiotics.
Nuclear Magnetic Resonance (NMR)spectroscopy is a very powerful tech-
nique to study protein structures at the atomic level as well as protein-protein
and protein-ligand interactions. To understand the binding mechanism be-
tween Gp2 and E. coli RNAP, we will ﬁrst need to solve the apo structure
of each individual protein. Because of the size of E.coli RNAP, it is very dif-
ﬁcult to solve the structure of the full length RNAP by using only standard
NMR methods. Fortunately, the crystal structure of RNAP of other bacterium
strains such as Taq is available and as stated before, the bacterial RNAPs are
highly conserved structurally; they can thus serve as good models for this
study. In order to obtain biological information about interaction between
a 400 kDa protein and its binding partner, new selective-residue (isoleucine,
leucine, valine (Tugarinov et al., 2006) and alanine (Isaacson et al., 2007)
labelling techniques and automated assignment (Xu et al., 2009) could be ap-
plied to the full length RNAP, which can be used in conjunction with mapping
assignable short constructs to the full length protein. Ideally, this approach
would beneﬁt from the creation of a shorter construct of RNAP containing
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only the jaw domain element which interacts with Gp2. From the homology
model, a construct from residue 1151-1213 was created (Camara et al, personal
communication). The objectives of the project would be:
- Structure characterisation of Gp2 using NMR spectroscopy.
- Structure characterisation of Jaw using NMR spectroscopy.
- Interaction studies between Jaw and double stranded DNA using NMR
titration experiments. Try to map the binding interface on Jaw to ds-
DNA.
- Interaction studies between Gp2 and Jaw domain, by NMR titration
experiments, Isothermal Titration Calorimetry and/or other methods.
- Structure characterisation of Gp2-Jaw complex using NMR spectroscopy.
- Building Gp2-RNAP model based on the structure of Gp2-Jaw complex,
studying the relationship between Gp2, Jaw and dsDNA and ultimately
aiding the elucidation of Gp2's inhibition mechanism to E. coli RNAP.
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Chapter 2
Protein NMR Spectroscopy for
Structural Determination
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2.1 Basic Principles of Protein NMR
Nuclear magnetic resonance (NMR) spectroscopy is a powerful biophysical
tool, which has many applications in chemistry and biochemistry. In this
project, it has been used to determine the three dimensional structures of
proteins, a protein-protein complex and to study inter-molecular interactions.
This chapter will describe theoretical and practical aspects of NMR that are
necessary for understanding the methods, results and discussion of this thesis.
The implications for the investigation of proteins will be discussed in particu-
larly.
Most contents are referenced from Keeler, 2010 and Claridge, 2009. More
details of the quantum mechanical description of NMR, in respect to protein
NMR spectroscopy, can be seen in Cavanagh, 2007 and introduced in Keeler,
2010. However, such details are outside the scope of this thesis.
2.1.1 Spin and energy levels
Every nuclei possesses an intrinsic property termed nuclear spin. The NMR
phenomenon arises due to nuclear spin. The spin can be characterised by a
nuclear spin quantum number, (I), which may have values equal to or greater
than zero that are multiples of 1/2 depending on their numbers of protons and
neutrons. Nuclei with even proton and neutron numbers have zero spin (I=0)
and therefore cannot exhibit NMR, so are termed "NMR silent". For protein
NMR spectroscopy, the most important nuclei are spin-half (I = 1/2, nuclei
with odd number of molecular mass) and spin-one (I=1, nuclei with an odd
number of both protons and neutrons) nucleus. The spinning nuclei possesses
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Figure 2.1: A nucleus carries charge and when possessing spin has a magnetic moment,
µ.
angular momentum (P ) and charge (see Figure 2.1). The "motion" of this
charge gives rise to an associated magnetic moment, µ (see Figure 2.1), with
the relationship shown in Equation 2.1:
µ = γP (2.1)
The term γ is the magnetogyric ratio, which is a constant for any given
nuclide. Both the spin angular momentum and the magnetic moments are
vector quantities, meaning they have both magnitude and direction, and can
be described by a Cartesian co-ordinate system. With an external, static
magnetic ﬁeld, B0, i.e. the NMR spectrometer (B0 is aligned along +z in
a right handed Cartesian Co-ordinate system in the laboratory frame), the
magnetic moments align themselves relative to the ﬁeld in a discrete number
of orientations due to their number of energy states. The spin quantum number
I deﬁnes the possible spin states by the given rule 2I + 1. So for a spin with
I = 1/2, there are two possible states, i.e., m = +1/2 and m = −1/2, where
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Figure 2.2: Nuclei with a magnetic quantum number I have 2I + 1 energy states.
m is the magnetic quantum number used to characterise the energy states by
taking values in integer steps from −I to +I. The energy states of m = +1/2
and m = −1/2 can also be termed as a (lower energy state, aligned parallel
to external ﬁeld) and b (higher energy state, aligned anti-parallel to external
ﬁeld) state respectively. For I=1, there are three possible energy states and
m has values of -1, 0 and 1 (see Figure 2.2).
Under normal circumstances, the energy of a and b states are the same and
the angular momentum vector does not have a preferred orentation. However,
with the application of the external static ﬁeld, the energy gap between the
two states becomes signiﬁcant. The energy associated with the diﬀerent energy
states, Em, can be deﬁned in Equation 2.2.
Em = −m~γB0 (2.2)
where ~ is the Planck's constant (h = 6.62606896× 10s-34) divided by 2p.
In quantum mechanics, excitation from one energy level to another is allowed if
m changes by 1. Therefore a state can be excited to b state and the associated
change in energy can be deﬁned by Equation 2.3.
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∆Eα→β = Eβ − Eα
= 1/2 · ~γB0 − (−1/2 · ~γB0)
= ~γB0
(2.3)
The absorption of a photon of electromagnetic radiation with the same
energy as ∆ Eα→β by can excite the transition of Eα→β. The energy of a
photon is given by E = h× ν, where ν is the frequency of the electromagnetic
radiation in Hz. The frequency corresponding to ∆ Eα→β, ν0, is thus (Equation
2.4:
ν0 =
∆E
h
=
~γB0
h
=
γB0
2pi
(2.4)
The concept is demonstrated in Figure 2.3):
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Figure 2.3: Energy states of a spin-half nucleus. The energy required to excite the
transition of magnetic moment from the lower energy (a state) to higher energy state
(b state) must have a frequency of ν = γB0/2pi.
2.1.2 Larmor frequency
The static external magnetic ﬁeld, B0, induces a torque on the nuclear magnetic
moments. The magnetic moments of nuclei precess about the axis of B0. The
precessional motion is called the Larmor precession (see Figure 2.4) and the
frequency of this rotation is the Larmor frequency (ν, in Hz, or ω, in rad s-1).
Larmor frequency is directly proportional to the magnetogyric ratio and B0;
it can be deﬁned by Equation 2.5 and Equation 2.6.
ν =
−γB0
2pi
(2.5)
ω = −γB0 (2.6)
The value of γ determines the direction of rotation. Nuclei with positive
values of γ therefore have a negative Larmor frequency, which can be repre-
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Figure 2.4: Spin with magnetic moment (µ) precesses around the external magnetic
ﬁeld (B0) at the Larmor frequency.
sented as a negative rotation (clockwise rotation in a right handed Cartesian
co-ordinate axis system) in the laboratory frame of reference, and vice versa.
Equation 2.5 and Equation 2.4 demonstrate the absolute value of ν equals
that of ν0. Thus for spin-half nuclei, the frequency required to excite a transi-
tion of a magnetic moment with lower energy a state to higher energy b state
is equal to the magnitude of the Larmor frequency. So the Larmor frequency
is the frequency of the electromagnetic radiation to generate resonance.
2.1.3 Boltzmann distribution and bulk magnetisation
At equilibrium, the magnetic moments have slight preference to align them-
selves in the lower energy a orientation in B0. The diﬀerence in population
of the two energy states of spin-half nuclei can be deﬁned by the Boltzmann
distribution, and described in Equation 2.7.
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Figure 2.5: Bulk magnetisation. Under the external static magnetic ﬁeld B0, the
magnetic moments for spin-half nuclei precess in two (a and b) energy states. According
to the Boltzmann distribution, there are slightly more magnetic moments in the a state
(the lower energy state). The sum of all vectors (magnetic moments) gives rise to a net
bulk magnetisation aligned parallel to the external magnetic ﬁeld z axis.
Nα
Nβ
= e
∆E/kBT (2.7)
where Nα and Nβ are the number of nuclei in each respective spin orienta-
tion, kB is Boltzmann's constant (1.3805×10-23 J.K-1) and T is the temperature
in K. ∆E is the energy diﬀerence between the a and b states. The tiny popu-
lation excess of nuclear spins results in a bulk magnetisation over the sample
at equilibrium (M0) aligned with B0 along the +z axis in the laboratory frame
of reference. As the vectors precess with random phases, the net transverse
magnetisation (along the x-y plane) is averaged to zero (see Figure 2.5). This
simpliﬁed representation is referred to as the Bloch vector model, or more gen-
eral as the vector model of NMR, and can be used to describe the behaviour
of the spins in pulsed NMR experiments.
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2.1.4 Generating signals in the NMR spectrometer
Radio frequency
Transitions between energy levels need to occur in order to cause NMR. This
is achieved by the application of a magnetic ﬁeld oscillating at the Larmor
frequency of the spin for a time period (tp). The oscillating ﬁeld is provided
by the magnetic component of the applied radio frequency (RF) pulse, which
is transmitted via a coil surrounding the sample with a ﬁeld denoted B1 ﬁeld.
The B1 ﬁeld is applied in the transverse plane, perpendicular to the static B0
ﬁeld. When the RF pulse is applied, it interacts with the bulk magnetisation
(M0) to impose a torque, tilting it from the z axis towards the x-y plane (see
Figure 2.6, a and b). The rate at which the vector moves is proportional to the
strength of the RF ﬁeld (γB1), so that the angle θ, in degrees, through which
the vector turns can be deﬁned by Equation 2.8. The angle θ is also known as
the nutation angle.
θ = 360γB1tp (2.8)
Commonly, a 90◦ pulse is applied, with the RF pulse turned of just as the
vector reaches the x axis. If considering individual magnetic moments, this
corresponds to equalisation of the populations of the a and b states. A 180◦
pulse is deﬁned as which places the vector on the −z axis and would invert the
population of a and b states with respect to the equilibrium state, i.e. more
spins in the b than in the a orientation. Considering the individual magnetic
moments after a 90◦ pulse, although they do not have a net magnetisation on
the z axis, there is a net magnetisation in the x-y plane. This is as a result of
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Figure 2.6: Diagram to illustrate a simple one pulse experiment. a) - b): demonstrat-
ing the eﬀect of a +y RF pulse on bulk magnetisation (B0); c) the nutated magnetisation
precesses and decays about the B0 ﬁeld due to a process called relaxation, which then
generates an oscillating time-dependent signal in the detection coil termed the FID (free
induction decay) (d); and ﬁnally, (e) the time domain FID signal is Fourier transformed
to a frequency dependent peak in the NMR spectrum.
the spins possessing phase coherence forced by the application of the RF pulse
(see Figure 2.7).
In pulsed NMR experiments, there are two parts to be considered, ﬁrstly
the application of the RF pulse, and secondly the events that occur following
this, which will be described in more detail in the following sections.
Detection of signals in the NMR spectrometer
The sample is placed in the NMR spectrometer in a receiver/transmitter coil
of wire, which is used to excite spins by generation of an RF pulse as men-
tioned previously, and for the detection of NMR signals subsequently. The
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Figure 2.7: Transverse magnetisation. The application of a 90◦ RF pulse generates
phase coherence of the magnetic moments precessing in the x-y plane of a Cartesian
axis (b). The transverse component of bulk magnetisation is showing in (a).
receiver/transmitter coil of wire is placed in x-y plane in the Cartesian axis of
the laboratory frame of reference. Application of RF pulses causes the mag-
netic moments to nutate, and also generates phase coherence of the magnetic
moments, giving a transverse component of bulk magnetisation. Only mag-
netisation precessing in the x-y plane is able to induce signals in the detection
coil, as the coherent precession of the spins generates an alternating electrical
current in the receiver coil. The 90◦ and 270◦ pulse will produce maximum
signal intensity, but the 180◦ and 360◦ pulse will produce none.
Free induction decay and Fourier transformation
If the power to the transmitter coil is switched oﬀ after the application of a
90◦ RF pulse, the nutated magnetic moments then precess in the x-y plane
about B0 at their Larmor frequency. However, like all other chemical systems
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Figure 2.8: Bulk magnetisation decay due to returning to equilibrium by relaxation,
the bulk magnetisation precesses and decays in a spiral fashion from the x-y plane to z
axis.
that are perturbed from their equilibrium states, the magnetisation will try to
restore its equilibrium state by a process called relaxation (discussed in more
detail in Section 2.1.7), and adjust itself to re-establish the a and b population
as at the equilibrium (see Figure 2.8). The signal detected by the receiver coil
decays over this period, hence the name free induction decay (FID) (see Figure
2.6, part (d)).
In order to transform the time domain FID signal to a more analysable
frequency domain NMR spectrum, Fourier transformation is applied, which
carries a general form listed in Equation 2.9:
f(ω) =
+∞∫
−∞
f(t)eiωt dt (2.9)
where ω and t deﬁne the data of the frequency and time domain respec-
tively. After Fourier transformation, a single NMR peak results at the fre-
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quency of the detected precession rate, eﬀectively the Larmor frequency of the
nuclei (see Figure 2.6, part (e)).
While it is the electric current induced by the FID which is detected by
the detection coil of the spectrometer, other electronic components and the
sample itself may induce noise which will also be detected by the detector. A
higher signal-to-noise (S/N) ratio can be achieved by pulsing the sample and
subsequent data acquisition repeatedly for several scans to average noise and
to improve the signal level. The signal level improves by
√
n for n number of
scans.
2.1.5 Chemical shift
Chemical shift scale
Based on equation 2.5 and 2.6, the Larmor frequencies of the nuclei are directly
proportional to the external static ﬁeld B0 and thus will have varied resonant
frequencies depending on the spectrometer. In order to convert the signals to
a scale that is independent of ﬁeld strength so that the spectra recorded on
diﬀerent spectrometers are directly comparable, the chemical shift (d) relative
to a reference is introduced and is deﬁned in Equation 2.10:
δ =
ν − νRef
νRef
(2.10)
(2.11)
Typically, the chemical shift value is quite small so it is common to multiply
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the value by 106, and express in parts per million, ppm:
δppm =
ν − νRef
νRef
· 106 (2.12)
with this deﬁnition, the chemical shift of the reference compound is 0 ppm.
Normally, a shielded molecule such as the tetramethylsilane (TMS) or a water
soluble analogue 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) is used as
reference molecule. Larmor frequency can be related to chemical shift by the
reference frequency from the following deﬁnition (see Equation 2.13):
ν =
−γRef (1 + δ)B0
2pi
(2.13)
Electron shielding eﬀects
According to the description above, a peak should occur at the the Larmor
frequency of the corresponding nuclei. However, generally NMR peaks ac-
tually resonate at frequencies slightly deviating from their respective Larmor
frequency due to an electronic shielding eﬀect. Without this shielding eﬀect,
it is not possible to distinguish diﬀerent nuclear (same type) spins.
The "shielding" of a nucleus arises from the motions of electrons in the
surrounding environment, which are inﬂuenced by the external static ﬁeld
and generate a second local magnetic ﬁeld. The secondary magnetic ﬁeld
will oppose or diminish the eﬀect of the main ﬁeld, which would then modify
the frequency of the nucleus such that the new frequency can be deﬁned by
Equation 2.14:
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ν =
−γ(1− σ)B0
2pi
(2.14)
where the σ is the average, isotropic shielding constant of a particular
nucleus in solution. The less shielded nucleus will have higher chemical shift.
The extend of nuclear shielding is mainly aﬀected by the inductive eﬀect,
which is caused by the presence of electronegative or electropositive species
around the aﬀected nucleus. More electronegative nuclei or functional groups
are able to draw away electrons from the bonded nuclei, meaning they are
less shielded. For example, comparing nitrogen (more electronegative) with
carbon, the amide protons are less shielded than methyl protons, thus the
amide protons have higher Larmor frequency and the chemical shift observed
is around 7 ppm whereas methyl protons are observed around 1 ppm.
Chemical shift anisotropy
The chemical shift anisotropy (CSA) eﬀect contributes to the chemical shift
due to a non-spherical distribution of shielding electrons about a nucleus in
a molecule. Hence the shielding experienced by the nucleus is dependent on
the orientation of the molecule with respect to B0, and so the chemical shift is
dependent on the orientation. For example, this can occur in the p orbital asso-
ciated with unsaturated covalent bonds, which can have a highly asymmetric
electron distribution, resulting in nucleus may experience diﬀerent shielding
eﬀect when located at diﬀerent positions in relate to the covalent bond.
However, in solution the molecule tumbles rapidly in a random fashion
through Brownian motion, so the CSA can be averaged for all possible orien-
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tations of the molecule with respect to B0, meaning that there is no net shift
change due to CSA in an isotropically-tumbling molecule over the timescale
of the experiment. Nevertheless, this oscillation in magnetic ﬁeld felt by a
nucleus can contribute to relaxation (see Section 2.1.7).
Ring current shifts
Aromatic rings have a strong eﬀect on their neighbours due to the delocalisa-
tion of electrons in the p orbital, which generates a local magnetic ﬁeld that
either reinforces B0 (in the plane of the aromatic ring) or opposes B0 (above
and below the plane). The ring protons of the aromatic residues in protein
thus experience reinforcement of B0 and resonate at around 7 ppm.
The local magnetic ﬁeld is spatial-dependent, which aﬀects any nucleus
close in space as well, and this eﬀect can help and judge if a protein is folded.
In a highly structured protein, aromatic residues are likely to be packed in a
stable hydrophobic core in close proximity to the sidechains of hydrophobic
aliphatic residues. The methyl groups from these residues packed above and
below the planes of aromatic residues would experience a reduced B0 and thus
will resonate at lower chemical shifts, for example at around -1 ppm or 0 ppm
rather than the random coil shift near 1 ppm.
2.1.6 Coupling between nuclei
Neighbouring magnetic nuclei exert an inﬂuence on each other's magnetic ﬁeld,
which can result in the splitting of resonance lines. This eﬀect is referred as
"coupling" and can be used as a mechanism for magnetisation transfer in
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multidimensional NMR experiments (see Section 2.3.2) as well as to provide
information regarding structural details (see Section 2.1.8). Coupling can occur
through chemical bonds (scalar coupling) or through space (dipolar coupling).
Scalar coupling
Scalar coupling (or J-coupling) is indirect coupling mediated by the bonding
electron cloud, and can be observed if the nuclei are close in covalent ge-
ometry under normal circumstances. The coupling eﬀect generally becomes
vanishingly small when the number of covalent bonds exceeds three. The phe-
nomenon of scalar coupling causes splitting of resonances. To demonstrate
scalar coupling, take two spin half nuclei, I and S, these two spins, which
will resonate at their respective Larmor frequencies in the absence of coupling
(see Figure 2.9, (a) and (b)). When the spin S is coupled to the spin I, then
the resonance of I is split into 2S + 1 lines, and the resonance of spin S into
2I + 1 lines. In the case of a single spin of 1/2, the resonances would be split
into doublets with the diﬀerence between the lines in a multiplet (in this case,
a doublet) given by the coupling constant, J IS (Hz)(see Figure 2.9, (d)). In
energy level representation, for each energy state of spin I, there are two pop-
ulations - those that are coupled to spin S in the a state and those are coupled
to S in the b state. This results in four spin states of coupled nuclei: IaSa,
IaSb, IbSa and IbSb. The energy for each spin state can be represented by the
general form (Equation 2.15):
EmImS = mIνI +mSνS +mImSJIS (2.15)
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Spin states Energy
IaSa +1/2νI + 1/2νS + 1/4JIS
IaSb +1/2νI − 1/2νS − 1/4JIS
IbSa −1/2νI + 1/2νS − 1/4JIS
IbSb −1/2νI − 1/2νS + 1/4JIS
Table 2.1: Energy representations of spin states.
Coupling Constant Value Range (Hz)
1J (13C, 1H) 125 - 250
1J (13C, 13C) 30 - 80
1J (15N, 1H) 70 - 110
1J (15N, 13C) 2 - 20
2J (1H, 1H) -20 - 5
2J (1H, 13C) -10 - 15
3J (1H, 1H) 0 - 18
3J (1H, 13C) 1 - 10
Table 2.2: Typical J -coupling constants.
The energies for four spin states are collectively shown in table 2.1:
For a homonuclear system, νI is very similar to νS and both Larmor fre-
quencies are much greater in magnitude than the coupling, thus the energies
of the IaSb, IbSa states are rather similar (see Figure 2.9, (c)).
The coupling constant J is independent of the B0 ﬁeld strength. However,
it is proportional to the magnetogyric ratio γ of the coupled spins and the
conformational and conﬁgurational arrangement, and are characterised as one-
bond (1J ), two-bond (geminal, 2J ) and three-bond (vicinal, 3J ) (Table 2.2).
The three-bond coupling constants, which depend on the torsion angle between
the coupled spins, can be particularly valuable for determining, for example,
backbone torsion angles in protein NMR studies.
When a coupling constant is signiﬁcantly less than the diﬀerence between
Larmor frequencies of two spins, it is described as a weak coupling. Under this
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Figure 2.9: The energy levels and resultant spectrum of spin I and S (non-coupled
and coupled). (a) The energy levels of spin I and S in the absence of J-coupling. (b)
The resultant spectrum of non-coupled spin I and S shows singlet peaks at the Larmor
frequencies of each spin. (c) The spin states and corresponding energies (IaSa, IaSb,
IbSa and IbSb) of coupled nuclei I and S. The arrows indicate the allowed energy
transition pathways. (d) Demonstrating the spectrum of coupled nuclei I and S, in
which two doublet peaks are centred at the frequencies of I and S. The frequency
separation of the peaks in each doublet equals J IS.
condition, the integrals for each peak of the doublet are approximately equal
and they are centred on the Larmor frequencies of the two spins (see Figure
2.9, (d)). Strong coupling can be used for long range magnetisation transfer
(i.e. along the entire length of the amino acid sidechain) and forms the basis
of total correlation spectroscopy (TOCSY) type experiments.
Dipolar coupling
Dipolar coupling occurs through the interactions of magnetic dipoles through
space, and is referred to as direct coupling (compared with scalar coupling).
The dipolar coupling eﬀect can be described by a "bar magnet" analogy, in
which each spin half nucleus acts like a bar magnet, and each precesses at
slightly diﬀerent frequencies depending on whether its neighbour is aligned
with or against the external magnetic ﬁeld and at what relative orientation
(see Figure 2.10, (a)). This eﬀect is independent of chemical (i.e. covalent)
bonding and can provide invaluable information for determining the molecular
structures of proteins. However, under solution conditions of the molecular
tumbling, dipolar couplings are typically not observable as the orientation
of nuclei changes constantly with respect to one another and the external
magnetic ﬁeld (see Figure 2.10, (b)). Such an environment is described as
"isotropic" and results in no observable splitting of lines arising from dipolar
couplings in corresponding NMR spectra. On the other hand, dipolar inter-
actions between nuclei do provide a source of oscillating magnetic ﬁeld which
has other implications such as relaxation and the nuclear Overhauser eﬀect
(discussed further in section 2.1.7 and 2.1.8 respectively).
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Figure 2.10: Dipolar coupling (a) An example showing a spin half nucleus aligned
with or against its neighbour. (b) In an isotropic environment, the nucleus could have
a random relative orientation with its neighbour due to the molecular tumbling.
2.1.7 Relaxation
Relaxation is the process by which magnetisation returns to equilibrium, from
which it is perturbed by the action of the RF pulses. The lifetimes of excited
nuclear spins are relatively longer (typically lasting between 10-3 - 1 second)
than that of other excitatory states (e.g. electronic transitions of optical spec-
troscopy). The advantage of this is the magnetisation persists long enough
in order to both manipulate and detect the signal. However, this can also
be a limitation on the time needed for an experiment to be acquired, since
bulk magnetisation needs to be completely restored to the +z-axis after each
sequence of pulses in order to achieve maximum signal if performing multiple
scans (see Section 2.1.4). Two principle mechanisms, dipole-dipole interaction
and chemical shift anisotropy, can give rise to oscillation of the local magnetic
ﬁelds (i.e. sources intrinsic to the NMR sample) at the appropriate Larmor
frequencies govern much of the relaxation in NMR. These are described by two
time constants corresponding to two distinct relaxation events, T1 (longitudi-
nal relaxation) and T2 (Transverse relaxation).
Longitudinal relaxation (T1)
Longitudinal relaxation, also known as spin-lattice relaxation, is the process by
which the a/b population diﬀerence is restored to equilibrium and an overall
loss of energy of the spins. In the case of a sample situated in an external
magnetic ﬁeld, the equilibrium state would be when the bulk magnetisation
reaches the +z-axis with a Boltzmann distribution of spins in the a and b states.
The energy of the excited spins is lost in the form of heat and transferred
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into the surroundings, although the energies involved are so small that no
temperature changes in the sample is detectable. The predominant sources
of longitudinal relaxation are the local oscillating magnetic ﬁelds induced by
dipolar coupling and the CSA. When the local ﬁelds oscillate at the correct
frequency, they can inﬂuence the associated spin in a similar fashion as to
applying a RF pulse. Such an interaction drives the aﬀected magnetisation to
equilibrium. For the dipole-dipole interaction (see Section 2.1.6), which is the
most important relaxation mechanism for many spin half nuclei, the size of the
interaction depends on the distance (r) between the two nuclei in the fashion
1/r3 and the direction of the interaction vector. The size of the interaction is
also directly proportional to the magnetogyric ratio; the larger the values, the
faster the nuclei relax (e.g. a proton-proton pair relaxes much faster than a
carbon-proton pair).
The longitudinal relaxation can be expressed as a function of rate (Equation
2.16) and as a function of time (Equation 2.17):
dMz(t)
dt
= −Rz
[
Mz(t)−M0z
]
(2.16)
where Mz is the z magnetisation at time t, M0z is z magnetisation at equilib-
rium. Rz is the rate constant for longitudinal relaxation and to express this
equation in the term of time constant T1,
dMz(t)
dt
= − 1
T1
[
Mz(t)−M0z
]
(2.17)
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Figure 2.11: Transverse relaxation. (a) Phase coherence of magnetic moments after
a RF pulse. (b) the loss of phase coherence through T2 relaxation, leading to no net
magnetisation on the x-y plane.
Transverse relaxation (T2)
Transverse relaxation is also know as spin-spin relaxation. It is the process by
which the bulk magnetisation in the x-y plane (transverse) loses phase coher-
ence. After the application of a 90◦ RF pulse, the bulk magnetisation aligns
along the x axis. However, spins experiencing slightly diﬀerent local ﬁelds
precess at diﬀerent frequencies, which leads to fanning-out of the individual
magnetisation and ultimately no net magnetisation in the transverse plane
(see Figure 2.11). This exponential decay of phase coherence is characterised
by the time constant T2, which limits the steps of magnetisation transfer in a
multi-pulse experiment.
T2 relaxation can be divided into two categories: non-secular and secular,
the re-orientation of individual spins caused by oscillating local magnetic ﬁelds
(either DD or CSA) is non-secular transverse relaxation. For example, an
oscillating (at the appropriate Larmor freqency) magnetic ﬁeld along the x-
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axis will cause rotation of a x-y plane spin into the z-y plane and inﬂuence
both z and y magnetisation. Secular transverse relaxation is caused by the
local magnetic ﬁeld, which does not need to be oscillating at a particular
Larmor frequency. It can be additive or reductive to the external magnetic
ﬁeld, resulting in a diﬀerent local ﬁeld. This mechanism can be inﬂuenced by
molecular motion, i.e. when the motion is relatively fast (e.g. at increased
temperature, small molecule in low-viscosity buﬀer), all spins are more likely
to experience similar local magnetic ﬁeld so that they collectively precess at
or very close to the same frequency. The opposite is true for large molecules
tumbling at a slow rate, resulting in a short T2. This is largely responsible
for the size limitation of NMR spectroscopy. For routine structural work, the
region of molecular size is in the range 20 to 25 kDa.
Both T1 and T2 are dependent on the rotational diﬀusion of the molecule
and local dynamics. The rotational diﬀusion of a molecule is aﬀected by the
mass and shape of the molecule, and can be characterised by the correlation
time, tc, which is deﬁned as the time it takes for a molecule to rotate by an
angle of one radian. The relationship between T1, T2 and τc is shown in Figure
2.12.
2.1.8 The nuclear Overhauser eﬀect (NOE)
The nuclear Overhauser eﬀect (NOE), hypothesised by physicist Albert Over-
hauser in the early 1950s, is a key aspect of structural determination by NMR
spectroscopy. It provides necessary restraints for structural calculation by de-
termining the relative proximity of the surrounding nuclei.
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Figure 2.12: Schematic showing the relationship between T1 and T2 and the rotational
correlation time τc of the molecule.
The mechanism of NOE arises from through space, dipolar cross relaxation,
in which a dipole inﬂuences the intensity of another dipole. Thus, it provides
information on nuclei which are in close proximity but not necessarily linked
through bonds. The eﬀect can be better understood by considering two non-
scalar coupled, but dipolar-coupled spins, I and S, starting oﬀ at their thermal
equilibrium state. As discussed previously in section 2.1.3, at equilibrium, both
spins are distributed according to the Boltzmann distribution with a slight
excess of population in the lowest energy level, i.e. the aa state.
Figure 2.13 (a) shows the four possible energy states and their correspond-
ing population distribution. As a consequence, the population of the lowest
energy state IaSa is denoted as N + ∆ (∆ indicates the excess of population),
intermediate energy states IaSb and IbSa as N and the highest energy state
IbSb as N−∆. The six solid lines linking the four states are possible transitions
for such two spins. According to the quantum mechanical selection rules, only
the single quantum transitions W1 (i.e. ∆M = 1), are observable. However,
the other pathways, i.e., zero quantum transition W0 and double quantum
transition W2 (bb-aa ) are still permitted to occur, and they are referred to
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as cross relaxation. The W0 transition is the so-called "ﬂip-ﬂop" transition
where the spin states of the I and S change from ab state to ba (or vice versa).
The W2 is also referred as the "ﬂip-ﬂip" transition where both I and S spins
ﬂip from b state to a state (or vice versa). Under normal circumstances, the
system gives rise to two singlet resonances of equal intensity as the transi-
tions associated with each spin are of identical energy (spectrum shown in the
bottom panel of Figure 2.13 (a)).
Figure 2.13 (b-d) shows what happens to the energy levels of two spins, I
and S, as the system moves towards equilibrium following the saturation of
the I spin. The population diﬀerence of the I spin state approaches zero after
the application of a saturation pulse. The system would then try to regain
equilibrium through the possible relaxation pathways. If the W2 relaxation
pathway predominates, this leads to an increase in the population diﬀerence
of the S spins (Figure 2.13, (c)), or a positive NOE, and hence the signal of
the S spin is enhanced. On the other hand, if the W0 pathway predominates,
resulting in a decrease in the population diﬀerence of the S spin (Figure 2.13,
(d)), and hence a reduction in the intensity of the S spin or a negative NOE.
The NOE is therefore a result of the change in intensities of the S spin when
the I spin is perturbed.
Which of the two pathways (W0 andW2) dominates the relaxation is related
to local dynamics and rotational correlation time τc of the molecule. For large
molecules with a long τc or with slow local dynamics,W0 is more likely to occur
as W0 is the transition of the diﬀerence of the frequencies and thus requires
low frequency motions. For small molecules with a short τc or with rapid local
dynamics, W2 is more likely to dominate as it is a transition at the sum of the
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Figure 2.13: Schematic energy level diagrams and population diﬀerences for two spins,
I and S. (a) At equilibrium, the spins are distributed in diﬀerent energy levels with
a slight excess in the lowest energy aa state. (b) Saturation of the I spin moving
the system away from equilibrium, The population diﬀerence of I spin energy states
reaches to zero. The system tries to restore dynamic equilibrium via diﬀerent relaxation
transition pathways. (c) Restoration of dynamic equilibrium via predominated cross-
relaxation pathway W2, leading to the enhancement of the S spin peak intensity. (d)
Restoration of dynamic equilibrium via predominated cross-relaxation pathway W0,
leading to the reduction of the S spin peak intensity. Schematic spectra are shown at
the bottom of each corresponding energy level diagrams (Figure adapted from Claridge,
2009).
frequency diﬀerence of the coupled spins and thus high frequency motions are
required.
The NOE eﬀect is dependent on the distance between the nuclei to the in-
verse sixth power of the distance r, 1/r6. As a result of this, only nuclei within
∼5 Å exhibit an NOE. Thus, nuclear Overhauser enhancement spectroscopy
(NOESY) correlates protons that are in close proximity and provides essen-
tial distance dependent information that can be used as restraints for protein
structure calculation.
2.2 Correlation Spectroscopy
An NMR spectrum contains a lot of useful information which can help deter-
mine the structure of macromolecules and understand the intrinsic dynamics.
However, for larger systems such as proteins, most information can be "hidden"
in the one dimensional spectrum due to the overlapping of signals. Correlation
spectroscopy can be used to resolve these issues. Resonances can be correlated
via J-coupling or dipolar coupling to give rise to NMR spectra with multiple
dimensions, with additional dimensions resolving the frequency of the corre-
lated nuclei. By correlating through diﬀerent mechanisms, the experiments
can provide information on the chemical bonding environments of atoms (e.g.
backbone sequential connectivity, through J-coupling) as well as the spatial
neighbourhood (e.g. NOE experiments, through dipolar coupling).
Over the last three decades, a whole suite of 2D, 3D and higher dimensional
NMR experiments have been developed and they are used routinely to charac-
terise proteins. In this section, the basic principle behind a 2D experiment and
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the INEPT pulse sequence, which is the basic building block for magnetisation
transfer in many heteronuclear 2D and 3D experiments will be described.
2.2.1 Basic two dimensional NMR
The two dimensions refer to two frequency dimensions, whereas 1D NMR tech-
niques only have one. All 2D NMR experiments can be represented by a general
pulse scheme (see Figure 2.14) which consists of four units irrespective of the
type of property being correlated to be mapped:
- Preparation Coherence is generated by applying one or a sequence of
RF pulses to excite the sample. This period is typically time ﬁxed, exact
details varying depending on the nature of the experiment.
- Evolution Coherence is allowed to evolve in this period for a time t1.
t1 is systematically incremented for typically 50 to 500 increments over
the course of a 2D experiment. The regular increments of t1 provide the
key to generating the second frequency dimension.
- Mixing More pulse(s) and/or delays are applied in this typically time
ﬁxed period, to generate an observable signal.
- Detection The t2 period, in which the FID is recorded as a function
of the second time variable t2. It is entirely analogous to the detection
period of 1D experiments during which the spectrometer collects the FID
of the excited spins.
The signal recorded during the detection period not only carries the fre-
quency information of the second nucleus but is also encoded with the resonant
81
Figure 2.14: General pulse scheme for 2D NMR spectroscopy involving four units:
preparation (P), evolution (E), mixing (M) and detection (D). The preparation and
mixing periods typically comprise a pulse or a sequence of RF pulses, for either gener-
ating coherence or observable signal respectively. The incremented time domain t1 in
the evolution period is the key to generating the second frequency dimension. The FID
is recorded in the detection (t2) period (Figure adapted from Claridge, 2009).
frequency of the ﬁrst nucleus encoded in variation of the FIDs from the incre-
mented values of t1 (see Figure 2.15)
2.2.2 The INEPT pulse sequence
The Insensitive Nuclei Enhancement by Polarisation Transfer (INEPT) pulse
sequence is an important building block commonly used in multi-dimensional
pulse sequences for characterisation of proteins. The main purpose of this pulse
sequence is to transfer polarisation from higher sensitivity nuclei such as 1H
to insensitive nuclei such as 15N and 13C. The pulse sequence can be visualised
in Figure 2.16. The INEPT sequence comprises a "spin echo" sequence (see
Figure 2.17) during which time scalar coupling evolves but the chemical shift
oﬀset does not. The sequence begins with the application of a 90◦ pulse to
the ﬁrst nucleus H (typically a high-γ, spin-1/2 species), excites and generates
transverse coherence of the the H nuclei, which will evolve under the eﬀects
of chemical shift and scalar coupling with the heteronuclear spin (X). After
a period of evolution (e.g. ∆/2, where ∆ = 1/2JH−X), by the application of
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Figure 2.15: Amplitude modulation of singlet resonances as a function of the evolution
period t1. Top panel: a series of FIDs are recorded during the detection (t2) period
for each increment in the t1 period, and are Fourier transformed to frequency domain
signals f2. When t1 is large, the signal intensity is diminished by spin relaxation.
Bottom panel: The FID for the t1 domain is encoded in the variation in peak intensity
of the amplitude-modulated resonance and can be Fourier transformed again to give
a peak which carries frequency information in two dimensions (Figure adapted from
Claridge, 2009).
Figure 2.16: Insensitive nuclei enhanced by polarisation transfer (INEPT) pulse se-
quence. The highly sensitive nucleus (H) is ﬁrstly excited by a 90◦ pulse and left to
evolve for a period of time ∆/2 in which ∆ = 1/2J . Two 180◦ pulses are subsequently
applied on both of the proton and the heteronucleus (X) to refocus the chemical shift
while keep the scalar coupling evolution. The same period of time ∆/2 is allowed for
the magnetisation to evolve, followed by a ﬁnal 90◦ y pulse on the proton and a 90◦ x
pulse on nucleus X, to generate antiphase coherence of the proton along the z axis and
transverse coherence of the heteronucleus.
the 180◦ pulses to the H nuclei and the insensitive (X) nuclei simultaneously,
the chemical shift evolution is refocused while allowing the scalar coupling to
evolve over the duration of the INEPT pulse sequence. After the magnetisation
is allowed to evolve for another period of ∆/2, antiphase coherence will be
generated. The ﬁnal 90◦ pulse along the y axis puts the H nuclei back along
z axis and the x pulse on the insensitive nuclei generates transverse coherence
of the insensitive nuclei, which can be detected.
2.2.3 Heteronuclear correlation spectra: HSQC
The 2D heteronuclear single quantum coherence (HSQC) experiment is very
useful for rapidly monitoring the structural properties of proteins, e.g. the fold-
ing status of proteins, ligand binding; and etc. The 2D shift correlation map
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Figure 2.17: Schematic spin echo representation. Bulk magnetisation along the +z
axis (A) is pulsed to the x − y plane (B), the magnetisation vectors evolve under T2
relaxation, J-coupling and chemical shift and start to fan out progressively (C) and (D),
eﬀectively dephasing and decaying the signal. Following the application of a 180◦ pulse
(E), the position of magnetisation vectors is ﬂipped where the slower components lead
ahead and the faster components trail behind. After same evolution time as before the
180◦ is applied, all the components catch up with each other (F) and complete refocus
(G)(except T2) (ﬁgure adapted from Spin Echo Diagram, n.d., accessed 05 Apr 2011).
provides through-bond correlations between nuclei of diﬀerent types (i.e. 1H
with either 15N or 13C). The 2D 1H-15N HSQC is of particular importance as it
provides an amide "ﬁngerprint" of the amino acids making up a protein back-
bone. The pulse sequence (see Figure 2.18) begins with an INEPT sequence,
transfers magnetisation from H to the nucleus X. This is then followed by
the ﬁrst evolution period t1 on X, in which the frequency of X is encoded; a
180◦ pulse is applied on the 1H to decouple the J -coupling. A reverse INEPT
sequence is then applied to transfer the magnetisation back to the attached
proton, detected during t2. During detection, the scalar coupling between the
heteronucleus and proton is removed by a decoupling pulse sequence applied
to X. The basic approach of magnetisation transfer and frequency encoding
can be extended to transfer signal further in the protein and correlate more
frequencies, e.g. of a 3D experiment.
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Figure 2.18: Insensitive nuclei enhanced by polarisation transfer (INEPT) pulse se-
quence. The highly sensitive nucleus (H) is ﬁrstly excited by a 90◦ pulse and left to
evolve for a period of time ∆/2 in which ∆ = 1/2J . Two 180◦ pulses are subsequently
applied on both of the proton and the heteronucleus (X) to refocus the chemical shift
while keep the scalar coupling evolution. The same period of time ∆/2 is allowed for
the magnetisation to evolve, followed by a ﬁnal 90◦ y pulse on the proton and a 90◦ x
pulse on nucleus X, to generate antiphase coherence of the proton along the z axis and
transverse coherence of the heteronucleus.
2.3 NMR methodology for protein characterisa-
tion
NMR is a highly versatile technique, and it can be applied to answer a broad
range of biological questions. In this section, we focus on its use as a tool
for protein characterisation (such as to identify the folding status of a protein)
and structure calculation. Following the process proposed by Kurt Wüthrich in
1986, the calculation of protein structures can be summarised in the following
steps:
- Protein expression and puriﬁcation For diﬀerent proteins, the meth-
ods for its expression and puriﬁcation can vary. For Gp2 and Jaw domain,
the methods will be described in detail in Chapter 3.
- Acquisition and processing of NMR spectra
- Resonance assignment To assign the chemically-shifted Larmor fre-
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quency of each NMR active nucleus in the protein. It is usual for back-
bone resonances to be ﬁrst assigned and then used to guide assignment
of sidechain resonances.
- Generation of restraints (i.e. by NOE assignment or RDC mea-
surement)
- Structure calculation Transformation of experimental restraints into
structure.
2.3.1 Protein characterisation using 1D and 2D NMR
1D and 2D NMR experiments are useful initial characterisation of proteins,
such as to identify the folding status, monitoring interactions of proteins (par-
ticular examples are given in Section 4.2.4, Section 5.2.3 and Section 6.3.2). As
discussed in previous Section 2.2.3, the 2D HSQC experiments are used to cor-
relate H nuclei with either 15N nuclei or 13C nuclei. Therefore the 15N-HSQC
gives cross peaks for every amide and amine in the protein.
2.3.2 Multidimensional NMR for resonance assignment
The use of three-dimensional NMR spectroscopy allows resonances to be re-
solved further as well as correlating them with the frequence of a third nucleus.
The application of 3D NMR spectroscopy aids the assignment of the chemical
shifts of each NMR active nucleus in protein, which is the primary target for
protein structure calculation.
The pulse sequences for the 3D NMR experiments are usually quite com-
plicated. To allow focus on the strategies employed in analysing these spectra
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rather than the technicalities of their acquisitions, magnetisation transfer dia-
grams are used to aid illustrating the pulse sequence. Some routinely used 3D
NMR experiments are described in the following sections in this way.
Backbone resonance assignment
Backbone resonances are normally assigned by using the connectivity infor-
mation present in the two pairs of coupled experiments: CBCA(CO)NH and
HNCACB, HN(CA)CO and HNCO.
The CBCA(CO)NH is normally used in tandem with the HNCACB exper-
iment, to establish sequential connectivities across the peptide bond via the
Ca and Cb sequential links (see Figure 2.19). The CBCA(CO)NH experiment
correlates Ca and Cb resonances of the residue i − 1 with the resonances of
the HN and N of residue i. The magnetisation transfer starts with the Ha
and Hb spins, by the application of the ﬁrst INEPT sequence, magnetisation
is transferred to the attached Ca and Cb. Following an evolution period to
record Ca/ Cb frequences, a second INEPT transfers magnetisation to the di-
rectly attached C' spins.The 1JNC' coupling allows the transfer to N where it
is frequency labelled, before transfer to the HN for the ﬁnal detection period.
The HNCACB experiment correlates the Ca and Cb of both residue i− 1 and
residue i with the HN and N of the residue i. Unlike CBCA(CO)NH, the mag-
netisation transfer for HNCACB starts from the HN to the attached N and
then to the Ca and Cb resonances of both i − 1 and i residues. The Ca and
Cb are frequency labelled, then the magnetisation is transferred back to the N
resonances via reverse INEPT and then to HN for detection.
The HNCO and HN(CA)CO are another pair of 3D experiments (see Fig-
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Figure 2.19: Experiments used to assign backbone resonances-CBCA(CO)NH and
HNCACB. The left panel shows the magnetisation transfer diagram for each pulse
sequence. Middle panel, representation of the resulting 3D spectrum. Right panel,
sequential connectivities can be inferred by matching intra and inter-residue frequencies
("strip" representation).
Figure 2.20: Experiments used to assign backbone resonances-HNCO and
HN(CA)CO. The left panel, shows the magnetisation transfer diagram for each pulse
sequence. Middle panel, representation of the resulting 3D spectrum. Right panel, se-
quential connectivities can be inferred by matching intra and inter-residue frequencies.
ure 2.20 ) which can be used to assist sequential assignments. The HNCO
correlates the HN and N resonances of a residue (i) to the C' resonances of the
preceding residue (i -1). Similar to the HNCO, HN(CA)CO experiment also
correlates the HN, N and C' resonances, however, by transferring coherence via
the intervening Ca nuclei, the C' resonances from both residue i− 1 and i can
be observed.
It is worth noting that for a given amino acid, the chemical environment
of its constituent atoms is aﬀected by the other neighbouring atoms. As a
result, the chemical shift for each atom of diﬀerent types of amino acids have
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characteristic ranges. For example, the Ca and Cb chemical shifts of threonine,
serine, glycine and alanine are generally easily recognisable, and can therefore
be used to aid backbone assignments.
Sidechain resonance assignment
Generally, assignment of sidechain resonances would proceed by the applica-
tion of TOCSY experiments (see Figure 2.21). Similar principles are used to
build up the magnetisation transfer in TOCSY experiments. In the (H)CCH-
TOCSY experiment, all aliphatic CH pairs of a given sidechain are correlated
to each of the other aliphatic carbons. In the H(C)CH-TOCSY experiment,
all aliphatic CH pairs of a given sidechain are correlated to each of the other
aliphatic hydrogens. As the resonances for Ca , Cb, Ha and Hb, HN and N
should be already assigned following the backbone resonance assignment, the
resonance for the aliphatic sidechain carbon and hydrogen atoms can be easily
assigned. For the aromatic sidechain resonances, it is often more eﬃcient to
assign them using through-space NOESY spectra.
2.3.3 NOESY spectra to generate distance restraints
As described in Section 2.1.8, NOEs arise from direct, through-space magnetic
interactions. Nuclear Overhauser enhancement spectroscopy (NOESY) exper-
iments thus can provide useful structural geometry information for structure
calculation. Following full resonance assignment, the crosspeaks found in the
1H-15N and the 1H-13C NOESY-HSQC/HMQC spectra can be assigned. In
addition, the intensity of the peaks in these experiments are approximately
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Figure 2.21: Experiments used to assign sidechain resonances. The Hydrogen and
Carbon resonances of the sidechain can be assigned using the (H)CCH-TOCSY and
H(C)CH-TOCSY experiments, which correlates all of the aliphatic sidechain carbons
and hydrogens respectively.
inversely proportional to the sixth power of the internuclear distance between
the assigned atoms, thus the information can be used to generate restraints
for structure calculation.
2.3.4 Overview for Structure Determination
Structure calculation-ARIA and NOE restraints
The traditional approach for structure calculation requires unambiguous as-
signment of NOE spectra to generate distance restraints between pairs of nu-
clei in order to converge a three-dimensional structure using distance geometry
computer algorithms. However, this is diﬃcult due to ambiguities arising from
multiple assignment possibilities for each peak, which may require a three di-
mensional model to help with the NOE assignment.
ARIA (Ambiguous Restraints for Iterative Assignment) is a widely used
computer programme for automated NOE assignment and NMR structure cal-
culation (Nilges et al., 1997). The advantage of ARIA is it is able to incorpo-
rate ambiguous NOEs by introducing ambiguous distance restraints (ADRs)
(Nilges, 1995), as well as the classical unambiguous distance restraints to build
macromolecular structure. Through this approach, all possible NOE assign-
ments can be explored during the structure calculation, thus more of the data
can actually be used and correctly assigned. ARIA interfaces with the struc-
tural engine Crystallography and NMR System (CNS ) (Brunger et al., 1998)
in order to generate structural models. In addition, ARIA can use a spin-
diﬀusion correction procedure and a reﬁnement in explicit water to improve
the quality of the calculated structure.
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ARIA speeds up and automates the NOE assignment process through an it-
erative approach, with each run of ARIA calculation typically comprising eight
iterations. A reasonably complete set of resonance assignments and NOE peak
lists are required to initiate an ARIA run. Further restraints such as unam-
biguous NOEs, dihedral angles, hydrogen bonds, residual dipolar couplings
(RDC), etc, can also be supplied. The following tasks are performed in each
round of ARIA calculation: peak assignment, calibration, violation (restraint)
analysis and merging.
- NOE Peak assignmentARIAmakes assignment of unambiguous NOEs
by incorporating any submitted manual restraints as well as generating
ARIA-unique ambiguous distance restraints (ADRs). ADR is added for
every NOE whose chemical shift coordinates correspond to assigned pro-
ton resonances. An initial ensemble of structures is calculated based
on the assignment and/or the manual assignments. Re-assignment of
NOE peaks based on the lowest energy structures is performed in the
following iteration with progressively decreased ambiguity cutoﬀ. Un-
likely contributions to each NOE can be eliminated. All structures are
generated by the structural engine CNS (Brunger et al., 1998), which
employs simulated annealing in order to resolve global energy minima
for each structure.
- Calibration The intensities of NOE peaks are quantiﬁed and can be
related to the internuclear distance (r) through an inverse proportional
relationship (1/r6). However, experimentally derived NOE intensities are
aﬀected by spin diﬀusion, internal dynamics and chemical exchange and
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require calibration in order to perform accurate estimation about the in-
ternuclear distances. Calibration is done automatically by ARIA through
calibrating neighbouring spin pairs (e.g. protons from methylene groups)
against the corresponding intensities from the NOESY spectra. Spin dif-
fusion corrections can also be applied if a correlation time is known.
- Violation analysis Each restraint is analysed for violations against the
initial structure ensemble and those which are consistently violated are
removed.
- Merging All restraint lists are merged at the end of the iteration to
prevent the duplication of information and subsequently used to drive
the following iteration of structure generation.
The process described above continues iteratively with progressively de-
creased tolerance levels used for NOE assignment in each round. After the
last iteration, the structures are reﬁned by molecular dynamics in explicit sol-
vent. The ﬁnal structure ensembles should be analysed manually to validate
outstanding violations. The reﬁned data can then be re-submitted to ARIA
until there are no signiﬁcant distance violations greater than 0.5 Å nor dihedral
angle violations greater than 5◦, as a general rule.
Dihedral angle restraints-TALOS
Torsion Angle Likelihood Obtained from Shift and sequence similarity (TA-
LOS ) is a database system for empirical prediction of phi y and psi f backbone
torsion angles using a combination of chemical shift information (Ha, Ca, Cb,
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C', N) and sequence similarity (Cornilescu et al., 1999). It utilises the sec-
ondary chemical shifts (the diﬀerences between measured chemical shifts and
their corresponding random coil values) of triplets of residues, thus a total
number of 15 secondary shifts (shifts of Ha, Ca, Cb, C', N per residue), to
compare to that within a protein database of high resolution structures. Ones
with similar secondary shifts and sequence are identiﬁed, in which the phi y
and psi f torsion angles of the 10 best matches are used as predictors for
the target protein. The prediction is considered to be "good" if the y and f
values between the 10 matches fall in the same well-populated region of the
Ramachandran plot. The new version of TALOS, TALOS+, uses an addition
two-layer neural network ﬁlter to the database fragment selection to enhance
the prediction rate (Shen et al., 2009).
2.3.5 Monitoring interactions using NMR spectroscopy
Apart from structure determination, NMR spectroscopy is also a very useful
tool in detecting ligand binding to proteins, identifying the binding interface
as well as structure determination of the complex. There are a variety of dif-
ferent types of ligands, including other proteins, peptides, DNA, RNA, small
molecules, and metal ions. This is of particular importance because the bio-
logical function of a protein is generally depends on its interaction with ligand
molecules. For example, interaction of hormones with hormone receptors, that
trigger complicated signal cascades, or the interaction of certain proteins with
nucleic acid sequences to regulate gene expression. In this project, it is the
interaction between such a protein, Gp2, and RNAP which leads to the inhibi-
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tion of transcription, although the exact binding mechanism and binding sites
are unknown.
The theory behind monitoring interaction by NMR is that binding of a lig-
and causes a local change in chemical environment of the residues in proximity
to the binding interface, leading to the changes in chemical-shift, relaxation,
NOEs or other NMR properties of such residues. If such changes can be mea-
sured, they can be applied to characterise the interaction. In this project, the
changes in chemical-shift are the main focus.
According to the rate of exchange between free and bound state, protein-
ligand binding can be describe in three regimes on the NMR time scale: slow,
intermediate and fast exchanges. A slow exchange tends to correspond to
a strong interaction whereas a fast exchange tends to correspond to weaker
interaction (see below). The binding of a ligand (L) to a protein (P ) can
be described as a second-order exchange process and illustrated by a simple
kinetic scheme (Equation 2.18):
P + L
ka

kd
PL (2.18)
where ka and kd are the rate constants for association and dissociation
respectively. The chemical exchange constant (kex), is deﬁned by (Equation
2.19),
kex = ka [L] + kd (2.19)
together with the change of resonance frequency, ∆ν (∆ν = νP − νPL, in
which νP and νPL are the resonance frequencies of a nuclear spin in unbound
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Figure 2.22: Protein-ligand binding exchange regime. This ﬁgure illustrates the eﬀect
of slow (A), intermediate (B) and fast (C) exchange on the spectrum of resonance,
where the frequency is changed as a result of ligand binding.
and bound protein respectively), the three exchange regimes can be deﬁned:
A slow exchange has a kex  |∆ν|, an intermediate exchange has a kex ∼ |∆ν|
and a fast exchange has a kex  |∆ν|. This rate of exchange can be dependent
on solution conditions including temperature, pH and ligand concentration.
By monitoring the changes in the NMR spectrum during titration with the
ligand, the exchange regime for the interaction can be determined (also see
Figure 2.22). Three potential types of change in the spectra can be observed:
1. Slow exchange - A new protein resonance appears at the bound state
position which increases in intensity but does not alter chemical shift in
line with the ligand ratio increase. The original (unbound) resonance's
intensity decreases.
2. Intermediate exchange - When the ligand concentration increases, the
resonance broadens signiﬁcantly until it disappears. The protein signal
reappears at higher ligand concentrations, and shifted towards the bound
state location.
3. Fast exchange - The resonance maintains its intensity and linewidth
throughout the titration, but the chemical shift changes continuously
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as the ligand concentration increases.
HSQC and other 1H-15N correlation spectra are commonly used for chem-
ical shift mapping in proteins because these spectra are highly sensitive and
usually well-resolved. By titrating the unlabelled ligand gradually into the 15N,
or 13C/15N double labelled protein, and following the spectral changes in the
1H-15N correlation spectra, the residues in close proximity to the binding in-
terface can be identiﬁed. For slow-exchange regime where peak shifts towards
the bound state are not gradual, reassignment of the protein resonances in the
complex by standard approaches may be necessary. In addition, the stoichiom-
etry of protein-ligand binding can also be identiﬁed, which is inferred from the
titration endpoint, when resonance positions/intensities no longer change with
increasing ligand concentration. It is worth noting that resonances exhibiting
large chemical shift changes upon ligand titration are more likely to reside at
the binding interface. However, the chemical environment could also change
dramatically for nuclear spins that are distant from the interaction site due to
conformational rearrangement of the protein.
2.3.6 Structure determination of complexes
Complex structure determination by NMR spectroscopy at atomic resolution
is governed by the exchange regime for a protein-ligand complex. Usually, the
slow and fast chemical exchange regimes are the most amenable to detailed
investigation.
For strong binding complexes (i.e. predominantly slow exchange), the
complete structure of the protein-ligand complex can be determined based
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on intraprotein, intraligand and interprotein-ligand NOE restraints. For weak
binding complexes (i.e. fast exchange), a large excess of ligand is needed to
saturate the protein binding site and interprotein-ligand NOEs may not be
obtained. However, the binding interface could be identiﬁed through chemical
shift mapping. Structure model could be built based on this mapping.
Diﬀerent isotopic labelling strategies can be applied to study diﬀerent types
of protein-ligand complexes. The choice of appropriate labelling strategy will
also be inﬂuenced by the type and level of information sought from the par-
ticular system. For protein-small molecule complexes, the structure can be
studied by labelling either the ligand or the protein. Labelling the ligand
may be preferred if the main interest lies with the bound-ligand conformation.
For protein-DNA acid complexes, a more often approach is to label the protein
uniformly with 15N and 13C and leave the nucleic acid at natural isotopic abun-
dance. For symmetric oligomers, the structural analysis is typically performed
using uniformly 15N and 13C labelled protein samples. The intrinsic diﬃcult
of distinguishing between intra-monomer and inter-monomer NOEs can be ad-
dressed by the application of isotope-ﬁltered NOE experiments conducted on
complexes formed from mixtures of labelled and unlabelled protein monomers
(Burgering et al., 1993; Lee et al., 1994). The isotope ﬁlter discriminates be-
tween coherences that involve proton spins and an heteronuclear (X) spin, and
those that do not involve the X spin. For example, if the X nucleus is 15N,
protons bound to 15N and those bound to any other nucleus (including 14N)
(Breeze, 2000). The isotope-ﬁltered experiment allows the selection of NOEs
from protons that do not bound to X spins to those bound to X spins. For
protein-protein complexes that lack symmetry, it either can be labelled uni-
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formly with 15N and/or 13C and treat the complex rather like a single protein,
or the two individual binding partners labelled with 15N and/or 13C separately,
measuring and assigning the chemical shift resonances for each of the binding
partner in its bound state and determining the structure through intraprotein
and interprotein NOEs.
For standard multidimensional double-resonance heteronuclear-separated
NOE experiments can be applied to the labelled sample, reassignment of the
bound form protein/ligand is needed. Interprotein-ligand NOEs are acquired
by isotope-ﬁltered NOESY experiments. ARIA supports the calculation of
symmetric oligomers and protein/protein or protein/nucleic acids complexes.
The details on ARIA set-ups for complex will be discussed in Chapter 6.
2.4 Summary
NMR spectroscopy is a powerful technique for studying the structure, dy-
namics and interactions of proteins. The NMR phenomenon arises from the
intrinsic physical property of the nucleus termed "spin". The associated mag-
netic moment becomes quantised in the presence of an external magnetic ﬁeld,
such that nuclei exhibit a precessional motion about the ﬁeld axis (i.e. at
the Larmor frequency) which over many molecules gives rise to a bulk mag-
netisation. Characteristic chemical shifts arise from the distinctive chemical
environment of each nucleus and correlation of diﬀerent nuclei through dipolar
coupling and scalar coupling can be established and detected by appropriate
experiments. Ultimately, the obtained resonance information can be utilised
to perform structure determination, monitoring protein interactions and much
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more. In this thesis, the structure determination of Gp2, RNAP b' jaw domain
and their complex using NMR spectroscopy will be described in detail. The
application of NMR spectroscopy to study protein-protein interactions, and its
impact on understanding biological properties will also be explained.
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Chapter 3
Materials and Methods
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3.1 Introduction
It is vital that the protein expression protocol is well designed and optimised
for protein structure determination and/or for functional assays. High quality
protein samples are required for obtaining NMR spectra with good signal-
to-noise ratios, which makes resonance assignment fundamentally easier and
more reliable. High quality NMR samples are typically highly concentrated
(in excess of 500 mM of pure protein), physically and chemically homogeneous
and potentially without post-translational modiﬁcations. Protein production
therefore is best achieved using a recombinant protocol as isolation of native
amounts of protein is often unfeasible. By combining recombinant protein
production with a bacterial expression system, the beneﬁts of fast growth, high
yield and ease of isotopic labelling, without the extensive protein modiﬁcations
that might occur in yeast-based or other eukaryotic expression system, can be
achieved.
In this chapter, descriptions of the methodology of expressing the recombi-
nant Gp2 and Jaw from DNA sequencing to protein puriﬁcation, together with
the strategy for achieving high yield and stability, are presented. Although ev-
ery protein has diﬀerent properties and may be suited to diﬀerent conditions,
the experimental procedures are generally similar in terms of methodology. In
addition, methods for the identiﬁcation of the interaction between Gp2 and
Jaw domain were also described in details in this chapter.
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3.2 Sample Preparation of Gp2 for Structural
Studies by NMR Spectroscopy
A small aliquot (about 10 mg) of full length wild type Gp2 plasmid DNA in
vector pET28b+ (KanR) was generously provided by the laboratory of Dr.
Sivaramesh Wigneshweraraj (Imperial College London). This template DNA
ultimately formed the basis for all molecular biology and protein expression
performed.
3.2.1 Sequence analysis
The majority of sequence analyses were conducted using the tools and packages
available via the ExPASy proteomics server (Gasteiger et al., 2003).
3.2.2 DNA ampliﬁcation by Mini preparation
Transformation
Ultra competent E.coli stain XL-1 blue (Stratagene) was used to perform bac-
terial transformation for mini preparation. 5 ml of Gp2 DNA plasmid was
mixed with 45 ml of thawed XL-1 blue cells and left on ice for 30 minutes.
The mixture was then heat shocked at 42 ◦C for 45 seconds and immediately
put back on ice for 5 minutes. 450 ml of LB Broth (see Appendix A.2) was
then added and the whole mixture incubated at 37 ◦C in a shaker incubator to
allow recovery for 1 hour. The transformation mixture was then spread onto
an LB agar (see Appendix A.2) plate containing 50 mg/ml of Kanamycin (Cal-
biochem®) and incubated overnight at 37 ◦C to allow the growth of bacterial
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colonies.
DNA preparation
A single colony was picked from the agar plate and inoculated into 25 ml of LB
with 50 mg/ml of Kanamycin antibiotic. This was incubated at 37 ◦C overnight
with vigorous shaking. The overnight culture was then pelleted at 4500 rpm for
5 minutes and the DNA plasmids extracted using the QIAprep®Spin Miniprep
Kit (Qiagen) according to manufacturer's instructions.
DNA sequencing
Puriﬁed DNA clones were ﬁnally subjected to DNA sequencing to ensure that
no mutations had arisen during the cloning procedure. All sequencing was
undertaken by Cogenics. Approximately 1 mg of DNA was submitted per
reaction. Each sample was sequenced in both forward and reverse directions
to conﬁrm the integrity of the nucleotide sequence.
3.2.3 Overview: Protein expression
Preparation of competent JE1(DE3) cells
As Gp2 would inhibit the transcription mechanism of E. coli, wild type strains
cannot be used to express Gp2. A mutated E. coli cell line JE1(DE3) with
residues 1145-1198 removed from the b' subunit is used instead in order to
express this protein. This mutant E. coli cell type JE1(DE3) was also provided
by the Wigneshweraraj laboratory. The cells required special treatment to
make them competent for transformation with Gp2 DNA contained plasmid
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(see below).
A loop of JE1(DE3) cell culture from -80 ◦C was streaked on a LB agar
(Sigma) plate and was incubated at 37 ◦C overnight. A single colony was
picked and grown in a ml LB media at 37 ◦C with vigorous shaking (250 rpm)
until the optical density at 600 nm (OD600nm) reached 0.3-0.4; it was then
transferred into 200 ml LB Broth and grown at 37 ◦C with vigorous shaking
until the OD600nm reached 0.6. The cells were then pelleted by centrifugation
at 4500 rpm for 10 minutes and resuspended in 15 ml sterile, ice-cold 0.1M
CaCl2 by gentle pipetting before a ﬁnal spin at 4500 rpm for 10 minutes. The
pellet was resuspended in 4 ml of sterile, ice-cold 0.1 M CaCl2/15 % glycerol
by gentle pipetting and left on ice at 4 ◦C in a cold room overnight. 50 ml of
cells were aliquoted into sterile microcentrifuge tubes and ﬂash frozen in liquid
Nitrogen and then stored at -80 ◦C for future use.
The competent cells were tested by transforming with either pET28b+ Gp2
plasmid or pET28b+ vector-only plasmid and then spread on KanR (LB Agar)
plates. Untransformed JE1(DE3) competent cells were also spread on KanR
plate and antibiotic-free plate as controls.
Transformation was carried out using JE1(DE3) competent cells for protein
expression and puriﬁcation. The bacterial transformation protocol described
in Section 3.2.2 on Page 105 was adopted.
Small-scale protein expression test
Small-scale induction tests for Gp2 in pET28b+ were carried out in LB Broth,
M9 minimal medium (see Appendix A.2), rich medium Spectra 9 (Cambridge
Isotope Laboratories, Inc.) and super rich medium Celtone complete medium
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(Cambridge Isotope Laboratories, Inc.) in order to test the ability of expression
of Gp2 in diﬀerent media. For expressing labelled proteins, M9 minimal media
with 15NH4Cl and/or
13C glucose added to the media, rich medium or super
rich medium need to be used in place of LB Broth.
One colony was picked and inoculated into 10 ml of each medium in 50 ml
falcon tubes. The cultures were then incubated at 37 ◦C with 250 rpm shaking
for 2-3 hours until OD600nm reached 0.4-0.5. The culture was then transferred
to a 25 ◦C incubator with 250 rpm shaking and allowed to cool for 30 minutes.
It was then induced with 1 mM IPTG (Isopropyl b-D-1- thiogalactopyranoside,
Melford) for three hours. 1 ml of cell culture was taken immediately before
induction, and at each 1 hour intervals after induction for three hours.
The cell samples taken at diﬀerent induction times were pelleted by cen-
trifugation at 13000 rpm for 1 minute. The cells are then disrupted in 100
ml of B-PER®(Bacterial Protein Extraction Reagent, Pierce) The mixtures
were vigorously vortexed until the cell suspensions were homogeneous. Then,
the mixtures were centrifuged at 13000 rpm for 10 minutes to extract the sol-
uble proteins from the supernatant. The remaining pellets were resuspended
in 100 ml of 8 M urea to extract the insoluble fractions. All these fractions
were analysed by SDS-PAGE (sodium dodecyl sulphate polyacrylamide gel
electrophoresis) (see Appendix A.1).
SDS-PAGE is a commonly used protein analysis technique by which dena-
tured protein samples migrate through a gel matrix towards the anode under
the inﬂuence of applied electric ﬁeld when bound to SDS (a negatively charged
anionic detergent), thus separating the proteins predominantly according to
their relative molecular weight (Schagger and von Jagow, 1987).
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SDS-PAGE electrophoresis was set up following the standard protocol (Os-
sipow et al., 1993). Protein samples were preheated in 2X Novex® Tricine
SDS sample buﬀer (Invitrogen ) in 1:1 ratio at 100 ◦C for approximately 5
minutes prior to loading into a pre-assembled 15% tricine gel situated in an
Xcell SureLock Mini-Cell vertical electrophoresis unit (Invitrogen). Constant
voltage at 180 V was applied for 50 minutes for electrophoresis. The gel was
stained with InstantBlue (Expedeon) for 10 minutes for subsequent analysis, or
alternatively soaked in coomassie blue staining solution for 1 hour, de-stained
with de-staining solution (40% methanol, 10% acetic acid, 50% H2O) for about
1-2 hours and soaked in 10% glycerol overnight. Subsequently the gel was dried
and scanned for analysis.
Gp2 over-expression
A single colony was picked from a freshly transformed agar plate and inocu-
lated into a 100 ml LB starter culture containing 50 mg/ml KanR. Antibiotic
selection was maintained during all stages of protein expression. The culture
was incubated overnight with shaking at 250 rpm at 37 ◦C before being cen-
trifuged at 4500 rpm for 10 minutes to extract the pellet (Sorvall). The cell
pellet was resuspended in 10 ml of fresh LB Broth and was inoculated into
a 1 L LB culture to make up to a starting OD600nm of around 0.1 for large
scale protein expression. The cultures were then incubated at 37 ◦C with 250
rpm shaking for 2-3 hours until OD600nm reached 0.4-0.5, Followed by trans-
ferring the culture to a 25 ◦C incubator with 250 rpm shaking and allowed to
cool for 30 minutes. It was then induced with 1 mM IPTG (Isopropyl b-D-1-
thiogalactopyranoside, Melford) for three hours.
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After 3-4 hours of induction, cells were harvested by centrifugation in a
GS-3 rotor (Sorvall) at 5000 rpm for 10 minutes at 4 ◦C and the pellets ﬂash
frozen in liquid nitrogen and stored at -20 ◦C, ready for protein puriﬁcation.
Double labelled Gp2 was prepared using the same protocol described above,
except 1 L of super rich medium Celtone complete medium (Cambridge Isotope
Laboratories, Inc.) was used instead of LB broth.
3.2.4 Overview: Protein puriﬁcation
French press cell disruption
In order to ﬁnd a suitable condition for large-scale protein puriﬁcation, giving
high yield and purity, two types of binding buﬀers with diﬀerent imidazole con-
centration, binding buﬀer A (25 mM phosphate buﬀer, pH 8.0, 500 mM NaCl,
50 mM imidazole) and binding buﬀer B (25 mM phosphate buﬀer, pH 8.0,
500 mM NaCl, 20 mM imidazole) (also see Appendix A.3), were tested. The
cell pellets were thawed and resuspended in approximately 30 ml of binding
buﬀer with one EDTA-free protease inhibitor cocktail tablet (Roche). Cells
were lysed using a French press (SLM instruments) with the apparatus cooled
prior to use. The obtained lysate was centrifuged at 15,000 rpm (Sorvall) for
30 minutes to separate the inclusion bodies and cell debris from the soluble
fraction. The supernatant was taken and puriﬁed using the native puriﬁcation
protocol outlined in the QIAexpressionist handbook (Qiagen).
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Gp2 puriﬁcation
To purify the protein under native conditions, Ni-NTA agarose resin (Qiagen)
was used, which is speciﬁcally for puriﬁcation of 6 × Histidine-tagged protein
by gravity-ﬂow chromatography. The supernatant was passed through the
resin as per the following procedures
- Column Equilibration 5 ml of Ni-NTA agarose slurry (2.5 ml resin)
(Qiagen) was applied to a polypropylene puriﬁcation column (Qiagen)
and washed with 10 ml ddH2O followed by 10 ml Binding Buﬀer (see
Appendix A.3)
- Binding The soluble lysate was loaded to the column
- Washing The column was washed with 40 ml Binding Buﬀer (see Ap-
pendix A.3)
- Elution The protein was eluted with 30 ml of Elution Buﬀer (25 mM
phosphate buﬀer, pH 8.0, 500 mM NaCl, 250 mM imidazole, also see
Appendix A.3).
Samples of each fraction were collected and analysed on SDS-PAGE.
Protein concentration determination
The peptide bonds and aromatic rings in the sidechains of a protein, ab-
sorb ultraviolet light with absorbance maxima at 200 and 280 nm respec-
tively (Stoscheck, 1990). Together with the Beer-Lambert Law (Beer and
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Protein
Molecular Weight
(Da)
pI
Extinction Coeﬃcient
at 280 nm (M-1cm-1)
Gp2 9338.3 6.01 13980
Jaw 9338.5 6.64 6990
Table 3.1: Molecular weights and theoretical extinction coeﬃcients at 280 nm (ε280).
Both values were calculated by ProtParam based on the respective primary sequence.
Protein concentrations can be deduced by applying both values to the Beer-Lambert
Law (Equation 3.1) together with the absorbance (A280).
Forthomme, 1858) (Equation 3.1),
A = ε · c · ` (3.1)
which relates the absorbance of a protein sample at a certain wavelength (A),
the extinction coeﬃcient of a protein (ε), concentration of the protein sam-
ple (c) and the length of the light path in the sample cell (`), the protein
concentration can be determined.
Absorbance at 280 nm wavelength was used to quantify protein concen-
tration. Brieﬂy, 1-2 ml of the protein sample was applied to the pedestal
of a NanoDrop2000 (Thermo Scientiﬁc) which was pre-referenced with the
corresponding buﬀer. A sample column (0.05-1 mm) is formed and the ab-
sorbance value at 280 nm (A280) is then measured. By supplying the protein's
molecular weight (Da) and extinction coeﬃcient at 280 nm (ε280) (M-1cm-1)
to the Classic NanoDropApplication software (Thermo Scientiﬁc), a protein
concentration (g/l) is determined. The molecular weights and extinction coef-
ﬁcients of proteins examined in this study were calculated by ProtParam from
ExPASy (Gasteiger et al., 2003) and are listed in Table 3.1.
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3.2.5 NMR sample preparation
The eluted puriﬁed proteins underwent buﬀer exchange via dialysis (3.5 kDa
MWCO membrane) against approximately 2×4 L of NMR buﬀer (10 mM
phosphate, 50 mM NaCl, 10 mM DTT, pH 6.5) at 4 ◦C with gentle stirring for
at least 32 hours. The buﬀer-exchanged sample was then concentrated with
centrifugation (4500 rpm and 4 ◦C)using a 20 ml Vivaspin (Vivascience) to
around 250 to 500 ml, depending on the protein concentration level. 10% v/v
of D2O was then added for NMR frequency lock.
3.3 NMR Spectroscopy Experimental set-up and
details for Gp2
Structure determination by NMR spectroscopy requires an in depth spectral
analysis and resonance assignments in order to generate restraints which are
used in guiding a simulated annealing or molecular dynamics protocol. Here,
the ﬁrst atomic resolution structure of Gp2 is described, and the approaches,
including various experiments performed in assisting assignments, to subse-
quent analysis, structure determination and validation.
3.3.1 Sample preparation and data collection
Samples were tested in 5 mm Shigemi type tubes (Cortech) with 10% (v/v)
D2O for NMR frequency lock. Data were collected on a 600 MHz four-channel
Bruker Avance III 600 or an 800 MHz four-channel Bruker Avance II 800
spectrometer equipped with z-shielded gradient triple resonance cryoprobes
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and executed by Topspin NMR software (Bruker Biospin Ltd.). All experi-
ments were recorded in NMR buﬀer condition (10 mM phosphate buﬀer, 50
mM NaCl, 10 mM DTT, pH 6.5, 10% (v/v) D2O) at 303 K unless otherwise
stated. For the 1H-13C NOESY-HSMC, H(C)CH-TOCSY, (H)CCH-TOCSY
experiments, the sample was freeze dried overnight before addition of 100%
D2O to the same sample volume.
3.3.2 Data processing
Spectra were processed with NMRPipe (Delaglio et al., 1995) and analysed us-
ing NMRView 5.2.2 (One Moon Scientiﬁc) (Johnson, 2004) with an in-house
assignment aid (Marchant et al., 2008). Automated NMR backbone assign-
ment was performed using MARS (Jung and Zweckstetter, 2004). Dihedral
angle restraints used in structure calculation were generated using TALOS
(Cornilescu et al., 1999). NMR structure calculation was performed using
ARIA 2.2 (Rieping et al., 2007).
3.3.3 Triple resonance NMR experiments
Homonuclear 1H-1H NOE are generally used to provide distance restraints
for structural calculation of a protein. In order to generate a high quality
NMR structure, as much as possible chemical shift assignments are required
to allocate the NOE precisely, thus providing as many as possible restraints.
For getting the most chemical shift assignments of Gp2, the following types
of NMR experiments were performed and their acquisition parameters are
detailed in Table 3.2.
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Experiment Type Nucleus
Complex
Points
Spectral
Width
(Hz )
Other
Parameters
1H-15N HSQC
1H 1024 6250
15N 100 1521
1H-13C HSQC
(Aromatic) (800 MHz)
1H 1024 10000 CT delay
13C 129 8052
HNCACB
1H 512 6250
15N 37 1521
13C 55 8333
CBCA(CO)NH
1H 512 6250
15N 37 1521
13C 55 8333
HNCO
1H 512 6250
15N 37 1521
13C 55 1666
HN(CA)CO
1H 512 6250
15N 37 1521
13C 55 1666
HBHA(CBCACO)NH
1H 512 6250
15N 37 1521
1H (indirect) 72 3001
H(C)CH-TOCSY (800 MHz)
1H 1024 10000 13C spinlock
18 ms
13C 40 7042
1H (indirect) 130 7605
(H)CCH-TOCSY (800 MHz)
1H 1024 10000 13C spinlock
18 ms
13C 130 14085
13C (J-coupled) 40 7042
1H-15N
NOESY-HSQC
(800 MHz)
1H 1024 10000 Mixing time
100 ms
15N 40 2433
1H (indirect) 140 10000
1H-13C
NOESY-HMQC
(800 MHz)
1H 1024 10000 Mixing time
100 ms
13C 40 14084
1H (indirect) 131 10000
Table 3.2: NMR experiments and acquisition parameters for Gp2 - Two dimensional
and three dimensional. Parameters including complex points (number of digital points
representing a FID) and spectral width are listed. All experiments were performed on
the Bruker AvanceIII 600 at 303 K unless otherwise stated.
Backbone resonances for HN, N, Ca, Cb and C' were acquired using 2D
1H-15N HSQC and 3D CBCA(CO)NH, HNCACB, HN(CA)CO and HNCO
experiments (Sattler et al., 1999). Ha and Hb resonances were acquired from
HBHA(CBCACO)NH experiment. H(C)CH-TOCSY and (H)CCH-TOCSY
experiments were used for sidechain assignments. NOE restraints were estab-
lished from 15N- and 13C-NOESY-HSQC experiments with mixing time of 100
ms with veriﬁed assignments. All spectra were referenced in the direct 1H
dimension according to the resonance frequency given in NMRPipe (Delaglio
et al., 1995) and in the indirect (i.e. heteronuclear) dimension using frequency
ratios (Wishart et al., 1995).
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3.4 Sample Preparation of Jaw for Structural
Studies by NMR Spectroscopy
The b' Jaw domain (Residue 1151-1213 of b' subunit of E.coli RNAP), with
His-tag at the N-terminal end in vector pET28b+ (KanR) was provided by
the laboratory of Dr. Sivaramesh Wigneshweraraj (Imperial College London).
Methods used to produce and analyse the protein sample of Jaw domain were
the same as for Gp2 (see Section 3.2) unless otherwise stated.
3.4.1 DNA ampliﬁcation and expression tests
Mini-preparation was carried out as described in section 3.2.2 to amplify the
DNA. Puriﬁed DNA clones were subjected to DNA sequencing by Cogenics to
ensure no mutation had arisen during the cloning procedure (see Figure 5.1).
Expression tests at 18 ◦C, 30 ◦C and 37 ◦C were carried out for the BL21(DE3)
cell line. The SDS-PAGE gel results (see Figure 5.2) demonstrate jaw domain
could be successfully expressed at all three temperatures and expression at 18
◦C overnight would provide the highest yield.
Expression tests for Jaw in pET28b+ were carried out in LB Broth at 18
◦C, 30 ◦C and 37 ◦C for the BL21(DE3) cell line in order to test expression
conditions that provide the highest yield of the protein. For expressing labelled
proteins, M9 minimal media with 15NH4Cl and/or
13C glucose added to the
media, rich medium or super rich medium need to be used in place of LB
Broth.
One colony was picked and inoculated into 3 ml of LB broth in 50 ml falcon
117
tubes. The cultures were then incubated at 18 ◦C, 30 ◦C and 37 ◦C with 250
rpm shaking for 2-3 hours until OD600nm reached 0.4-0.5. The culture was then
induced with 1 mM IPTG (Isopropyl b-D-1- thiogalactopyranoside, Melford)
for overnight. 1 ml of cell culture was taken immediately before induction, and
at each 2 hour intervals after induction for six hours.
The cell samples taken at diﬀerent induction times were pelleted by cen-
trifugation at 13000 rpm for 1 minute. The cells are then disrupted in 100
ml of B-PER®(Bacterial Protein Extraction Reagent, Pierce) The mixtures
were vigorously vortexed until the cell suspensions were homogeneous. Then,
the mixtures were centrifuged at 13000 rpm for 10 minutes to extract the solu-
ble proteins from the supernatant. The remaining pellets were resuspended in
100 ml of 8 M urea to extract the insoluble fractions. All these fractions were
analysed by SDS-PAGE.
3.4.2 Expression and puriﬁcation
To express unlabelled Jaw for puriﬁcation conditions test, a single colony was
picked from a freshly transformed agar plate and inoculated into a 100 ml LB
starter culture containing 50 mg/ml KanR. Antibiotic selection was maintained
during all stages of protein expression. The culture was incubated overnight
with shaking at 250 rpm at 37 ◦C before being centrifuged at 4500 rpm for 10
minutes to extract the pellet (Sorvall). The cell pellet was resuspended in 10
ml of fresh LB Broth and was inoculated into a 1 L LB culture to make up to a
starting OD600nm of around 0.1 for large scale protein expression. The cultures
were then incubated at 37 ◦C with 250 rpm shaking for 2-3 hours until OD600nm
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reached 0.4-0.5, followed by transferring the culture to a 18 ◦C incubator with
250 rpm shaking and allowed to cool for 30 minutes. It was then induced with
1 mM IPTG (Isopropyl b-D-1- thiogalactopyranoside, Melford) overnight.
After overnight induction, cells were harvested by centrifugation in a GS-3
rotor (Sorvall) at 5000 rpm for 10 minutes at 4 ◦C and the pellets ﬂash frozen
in liquid nitrogen and stored at -20 ◦C, ready for protein puriﬁcation.
Same puriﬁcation conditions as Gp2 (see Section 3.2.4) were used and ac-
cording to the SDS-PAGE gel, protein samples with high yield and purity
could be obtained. Double labelled (13C/15N) sample was also expressed in
M9 minimal media (see Appendix A.2) with the addition of 15NH4Cl and
13C
glucose, and was puriﬁed successfully.
3.5 NMR Spectroscopy Experimental set-up and
details for Jaw domain
Identical hardware (i.e. NMR instrumentation) and software (i.e. for spectral
viewing and manipulation) were used as previously described for structure
determination of Gp2 (see Section 3.3).
Experiments for NMR assignment and structure determination were essen-
tially identical to those used for Gp2 and their details are listed in table 3.3.
All experiments were recorded at 303 K unless otherwise stated.
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Experiment Type Nucleus
Complex
Points
Spectral
Width
(Hz )
Other
Parameters
1H-15N HSQC
1H 1024 7500
15N 150 1946
1H-13C HSQC
(Aromatic) (800 MHz)
1H 1024 10000 CT delay
13C 129 8052
HNCACB
1H 1024 7500
15N 48 1946
13C 64 10562
CBCA(CO)NH
1H 1024 4500
15N 47 1946
13C 67 10562
HNCO
1H 1024 7500
15N 46 1946
13C 67 10562
HN(CA)CO
1H 1024 7500
15N 45 1946
13C 50 2415
HBHA(CBCACO)NH
1H 1024 7500
15N 48 1946
1H (indirect) 72 4200
H(C)CH-TOCSY (800 MHz)
1H 1024 7500 13C spinlock
18 ms
13C 40 4800
1H (indirect) 128 5281
(H)CCH-TOCSY (800 MHz)
1H 1024 7500 13C spinlock
18 ms
13C 128 10562
13C (J-coupled) 40 5281
1H-15N
NOESY-HSQC
(800 MHz)
1H 1024 7500 Mixing time
100 ms
15N 40 1946
1H (indirect) 135 7500
1H-13C
NOESY-HMQC
(800 MHz)
1H 1024 10000 Mixing time
100 ms
13C 40 14084
1H (indirect) 140 10000
Table 3.3: NMR experiments and acquisition parameters for Jaw - Two dimensional
and three dimensional. Parameters including complex points (number of digital points
representing a FID) and spectral width are listed. All experiments were performed on
a Bruker DRX600 at 303 K unless otherwise stated.
3.6 NMR Spectroscopy Experimental set-up and
details for Gp2-Jaw Complex
Identical hardware (i.e. NMR instrumentation) and software (i.e. for spectral
viewing and manipulation) were used as previously described for structure
determination of Gp2 (see Section 3.3).
Resonances for HN, N, Ca, Cb and C' were acquired using 2D 1H-15N HSQC
and 3D CBCA(CO)NH, HNCACB, HN(CA)CO and HNCO experiments (Sat-
tler et al., 1999). Ha and Hb resonances were acquired from HBHA(CBCACO)NH
experiment. Sidechain assignments were made using H(C)CH-TOCSY and
(H)CCH-TOCSY experiments, supplemented with NOE data as previously.
NOE restraints were established from 15N- and 13C-NOESY-HSQC exper-
iments with veriﬁed assignments. Intermolecular NOE restraints were identi-
ﬁed using a 13C-ﬁltered NOESY-HSQC recorded on complex sample comprised
from double labelled Jaw and unlabelled Gp2. For the 1H-13C NOESY-HSQC
experiment, the sample was lyophylised overnight before addition of 100% D2O
to the same sample volume.
All spectra were referenced in the direct 1H dimension according to the res-
onance frequency given in NMRPipe (Delaglio et al., 1995) and in the indirect
(i.e. heteronuclear) dimension using frequency ratios (Wishart et al., 1995).
All experiments were recorded at 303 K (see Table 3.4 for bound Gp2 and
Table 3.5 for bound Jaw).
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Experiment Type Nucleus
Complex
Points
Spectral
Width
(Hz )
Other
Parameters
1H-15N HSQC
1H 1024 7500
15N 90 1945
1H-13C HSQC
(Aromatic) (800 MHz)
1H 1024 7500 CT delay
13C 87 5432
HNCACB
1H 1024 7500
15N 45 1946
13C 64 10562
CBCA(CO)NH
1H 1024 7500
15N 48 1946
13C 72 10562
HNCO
1H 1024 7500
15N 46 1946
13C 55 2415
HN(CA)CO
1H 1024 7500
15N 46 1946
13C 52 2415
HBHA(CBCACO)NH
1H 1024 7500
15N 46 1946
1H (indirect) 64 4200
H(C)CH-TOCSY
1H 1024 7500 13C spinlock
18 ms
13C 40 5281
1H (indirect) 128 4800
(H)CCH-TOCSY
1H 1024 7500 13C spinlock
18 ms
13C 128 10562
13C (J-coupled) 40 5281
1H-15N
NOESY-HSQC
(800 MHz)
1H 1024 10823 Mixing time
100 ms
15N 39 2758
1H (indirect) 128 10000
1H-13C
NOESY-HMQC
(800 MHz)
1H 1024 10000 Mixing time
100 ms
13C 35 14084
1H (indirect) 128 10000
13C-F1-ﬁltered
NOESY-HSQC
(800 MHz)
1H 1024 10000 Mixing time
125 ms
13C 32 14084
1H (indirect) 120 10000
Table 3.4: NMR experiments and acquisition parameters for bound Jaw - two di-
mensional and three dimensional. Parameters including complex points (number of
digital points representing a FID) and spectral width are listed. All experiments were
performed on the Bruker DRX600 at 303 K unless otherwise stated.
Experiment Type Nucleus
Complex
Points
Spectral
Width
(Hz )
Other
Parameters
1H-15N HSQC
1H 1024 7500
15N 100 1946
HNCACB (800
MHz)
1H 1024 10000
15N 60 2433
13C 70 13333
CBCA(CO)NH
1H 1024 7500
15N 48 1946
13C 72 10562
HNCO
1H 1024 7500
15N 44 1946
13C 55 2415
HN(CA)CO
1H 1024 7500
15N 46 1946
13C 52 2415
HBHA(CBCACO)NH
(800 MHz)
1H 1024 10000
15N 64 2595
1H (indirect) 64 4802
H(C)CH-TOCSY
1H 1024 7500 13C spinlock
18 ms
13C 32 5281
1H (indirect) 128 4800
(H)CCH-TOCSY
1H 1024 7500 13C spinlock
18 ms
13C 100 10562
13C (J-coupled) 32 5281
1H-15N
NOESY-HSQC
(800 MHz)
1H 1024 10000 Mixing time
100 ms
15N 32 2595
1H (indirect) 120 10000
1H-13C
NOESY-HMQC
(800 MHz)
1H 1024 10000 Mixing time
100 ms
13C 32 2595
1H (indirect) 120 10000
Table 3.5: NMR experiments and acquisition parameters for bound Gp2 - two di-
mensional and three dimensional. Parameters including complex points (number of
digital points representing a FID) and spectral width are listed. All experiments were
performed on the Bruker DRX600 at 303 K unless otherwise stated.
3.7 Biophysical characterisation of the Gp2-Jaw
interaction by NMR titration and ITC ex-
periment
3.7.1 NMR titration experiment
NMR is a very powerful tool to detect interactions between two or more com-
ponents. Very subtle changes in chemical environments can be detected and
would be reﬂected in altered peak intensities and/or positions in the spectrum.
During the process of interaction, the protein residues around the binding in-
terface can experience a change in chemical environment due to formation of
new hydrogen bonds, experiencing change in van der Waal forces, steric ef-
fects, etc. The 2D HSQC titration experiment is a very sensitive method for
detecting perturbations in the environment of backbone amides due to ligand
binding. In addition, more details about the binding interface can be acquired
based on the "chemical shift mapping".
A double labelled (13C/15N) sample of Gp2 and an unlabelled sample of Jaw
were prepared in a similar fashion as to that described previously for structure
determination (see Section 3.2 and Section 3.4 correspondingly). Both samples
were buﬀer exchanged to the same NMR buﬀer (10 mM phosphate buﬀer, 50
mM NaCl, 10 mM DTT, pH 6.5, 10% (v/v) D2O) prior to the NMR titration
experiment, using Vivaspin centrifugal concentrators (Sartorius) with several
passes of dilution and reconcentration. A 2D 1H-15N HSQC spectrum was run
using the methods explained in Section 3.3 at 303 K to obtain the apo Gp2
spectrum. Subsequently, a concentrated stock of Jaw (>500 mM) was gradu-
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ally titrated into 50 mM Gp2 and 2D HSQCs were again measured. Relative
concentrations of Gp2 and Jaw were established by comparing the 1D ring
current shifted methyl groups' intensities. Spectra were overlayed to deter-
mine any chemical shift changes compared to the apo spectrum. A reciprocal
titration experiment was also carried out between double labelled sample of
Jaw and unlabelled sample of Gp2.
3.7.2 Isothermal Titration Calorimetry
In order to substatiate the results from NMR indicative of a Jaw-Gp2 interac-
tion, and to provide further insight into the nature of the interaction, additional
thermodynamic characterisation by isothermal titration calorimetry (ITC) was
conducted.
ITC is a solution-based thermodynamic technique, which is used to inves-
tigate all types of interactions. It provides a direct and real-time route to
the complete thermodynamic characterisation of protein interactions by mea-
suring heat absorbed or released during the course of a biochemical reaction
(reviewed in Liang, 2008). A simple ITC experiment is conducted by titrating
one component of an interaction into a sample cell containing another compo-
nent. During this process, the binding aﬃnity (Ka), enthalpy changes (DH−◦ )∗,
and binding stoichiometry (N ) describing the interaction between two or more
molecules can be measured. These measurements can be used to determine
the Gibbs free energy change (DG−◦ ) and entropy change (DS−◦ ) using the
relationship stated in Equation 3.2:
∗−◦ = standard state, 298 K and 1 bar
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DG−◦ = −RT lnKa = DH−◦ − TDS−◦ (3.2)
where R is the gas constant and T is the absolute temperature. As ITC
is a real-time solution-based technique which does not require the immobilisa-
tion/modiﬁcation of proteins, it can be used as a complementary technique to
NMR spectroscopy for characterising protein structure and function.
A VP-ITC Isothermal Titration Calorimeter (MicroCal) was used to carry
out ITC measurements at 30 ◦C (same temperature as NMR experiments set-
up). Both samples of Gp2 and Jaw were exchanged into identical ITC buﬀer
conditions (20 mM sodium phosphate, 50 mM NaCl, 10 mM DTT, pH 6.5),
with a protein concentration ratio of approximately 10:1 (300 mM Jaw : 30 mM
Gp2). All samples used in the experiment, including buﬀers, were de-gassed
at 30 ◦C for 5 minutes prior to use. 500 ml of Jaw (in a syringe) was titrated
into 2.5 ml of Gp2 (in the sample cell) in 25 steps of 20 ml injections. A control
was performed with the equivalent amount of Jaw titrated into 2.5 ml of ITC
buﬀer. The data were analysed using the Origin software package (OriginLab)
using a single-site binding model.
3.8 Summary
Protocols were described for expression of Gp2 and Jaw domain in suﬃcient
quantities for structure studies by NMR spectroscopy. The puriﬁcation proto-
col was optimised and the protein was judged to be soluble and stable in the
NMR buﬀer (see Appendix A.4). The NMR assignments and structure deter-
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mination for Gp2, Jaw and the Gp2-Jaw complex are outlined in Chapter 4,
5 and 6.
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Chapter 4
NMR Assignments and Structural
Characterisation of Gp2
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4.1 Introduction
Structure determination by NMR spectroscopy requires an in depth spectral
analysis and resonance assignments in order to generate restraints which are
used in guiding a simulated annealing or molecular dynamics protocol. Here,
the ﬁrst atomic resolution structure of Gp2 is described, and the approaches,
including various experiments performed in assisting assignments, to subse-
quent analysis, structure determination and validation.
4.2 Sample Preparation of Gp2
4.2.1 Sequence analysis
Puriﬁed DNA clones were subjected to DNA sequencing. No mutations had
arisen during the cloning procedure (see Figure 4.1). All sequencing was un-
dertaken by Cogenics.
4.2.2 Gp2 expression
Test of JE1(DE3) competent cells
The JE1(DE3) competent cells were tested for their capability of transforma-
tion with Gp2 containing plasmid.
As expected, cells transformed with pET28b+ Gp2 and pET28b+ vector
had colonies on KanR containing LB Agar plates. Cells without transformation
(control) were not able to grown on KanR containing plates but had colonies
on antibiotic-free plates.
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Figure 4.1: pET28b+ expressed Gp2 DNA and protein sequences (shown 5'-3'), gen-
erated by Web Map, n.d.. The 6×His tag is located at the 5' end of the construct. Also
shown are all the possible restriction enzyme sites presented throughout the construct.
Small-scale protein expression tests
Small-scale protein expression tests were carried out to test the ability of cell
growth and Gp2 expression in diﬀerent media, including LB, M9 medium,
rich medium and super-rich medium. As shown in Figure 4.2, Gp2 could
be successfully expressed in LB Broth, rich medium and super rich medium.
However, it could not be expressed in M9 minimal medium arising through a
lack of cell growth of JE1(DE3) cells, which may be related to the removal of
residues 1145-1198 from the b' subunit.
4.2.3 Gp2 puriﬁcation
A 1 L expression of unlabelled Gp2 in LB Broth was performed to test the
conditions of puriﬁcation. Two types of binding buﬀer with diﬀerent imidazole
concentration (see Appendix A.3) were tested. In an initial attempt, a signiﬁ-
cant amount of target protein (Gp2) was eluted at "ﬂow through" and "wash"
fractions when Binding buﬀer A was used, presumably due to the high con-
centration (50 mM) of imidazole present (see Figure 4.3, (a)). Binding buﬀer
B (25 mM imidazole) was thus used for subsequent protein puriﬁcation (see
Figure 4.3, (b)).
4.2.4 Sample quality check by 1D 1H and 2D 1H-15N
HSQC NMR
The Gp2 sample was tested for the folding status and stability in 10 mM
phosphate buﬀer, 50 mM NaCl, 10 mM DTT, pH 6.5 at 303 K to assess the
quality of the sample. The 1D 1H and 2D 1H-15N HSQC NMR spectra of
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Figure 4.2: SDS-PAGE gel results for small scale expression test of pET28b+ Gp2
in LB Broth (a), rich medium (b) and super rich medium (c). Demonstrate that Gp2
could be succesfully expressed in all three media, with relative higher yield in super rich
media.(M = Marker, I = Insoluble fraction/Cell pellets, S = Soluble fraction/lysate, 0
hr = before induction, 1 hr = after 1 hour of induction and etc.)
Figure 4.3: SDS-PAGE gel results for Gp2 puriﬁcation using two types of binding
buﬀer. (a), Gp2 puriﬁcation using Binding buﬀer A; a large amount of protein can be
seen in lane FT1, FT2 and W2; (b) Gp2 puriﬁcation using Binding buﬀer B, most target
protein is in the elute fraction. The clean, thick band in the elute fraction indicates
that Gp2 could be puriﬁed with relatively high concentration and purity.(M = Marker,
WC = whole cell, CL = cell lysate, FT = Flow through, W = Wash, E = Elute, R =
Resin)
Gp2 demonstrated that the protein was folded (see Figure 4.4 and Figure 4.5).
Ring current shifted methyl and non-random coil amide resonances (< 0 ppm
and > 9 ppm respectively) were able to be identiﬁed, indicative of protein
folding. Approximately 70 nicely dispersed peaks can be seen in the 2D HSQC
spectrum, which maybe less than expected for this 84-residue Gp2 construct.
However, the 20-residue long N-terminal His-tag is expected to be ﬂexible and
the peaks corresponding to amides around this region may overlap with each
other. Hence the number of peaks may be commensurate with the construct.
In addition, spectra recorded after 48 hr of incubation at 310 K were essentially
unchanged, indicating that the protein is stable under these buﬀer conditions
and was suitable for acquisition of longer-term 3D spectra. Overall, based
on the 1D and 2D spectra, the protein was deemed amenable for structure
determination by NMR spectroscopy.
4.3 Resonance assignment
4.3.1 Backbone assignment
Backbone resonance assignment is a prerequisite for structure determination
of proteins by NMR (Wuthrich, 2003). Crosspeaks from 2D 1H-15N HSQC and
3D CBCA(CO)NH, HNCACB, HN(CA)CO and HNCO spectra were picked
and ﬁltered in a semi-automated approach (using NMRView) with the help of
the in-house assignment aid (Marchant et al., 2008). Resonances across dif-
ferent spectra are correlated and grouped into pseudoresidues. The backbone
assignment was facilitated byMARS (Jung and Zweckstetter, 2004), which can
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Figure 4.4: 1D 1H NMR spectrum of unlabelled Gp2, demonstrating peaks of struc-
tured backbone amide and methyl groups. Due to ring current shift eﬀects caused by
aromatic amino acids in close proximity, chemical shifts of some methyl groups can shift
away from their random coil shift, e.g 0 ppm, indicating the protein is folded. Spectrum
recorded at 600 MHz and 303 K.
Figure 4.5: 2D 1H-15N HSQC NMR spectrum of Gp2, demonstrating 70 well dispersed
peaks, which indicates the protein is folded. Spectrum recorded at 600 MHz and 303
K.
utilise Ca, Cb and C' chemical shifts from the backbone experiments to iden-
tify the amino acid type of pseudoresidues and establish sequential connectivity
between spin systems associated with each amide peak. An iterative process
of linking, mapping and assigning is used to establish sequential connectiv-
ities. MARS can provide a high level of accuracy of backbone assignments
by including data from the secondary structure prediction program PSIPRED
(McGuﬃn et al., 2000) with statistical chemical shift distributions, which are
corrected for neighbouring residue eﬀects (Wang and Jardetzky, 2002), to im-
prove identiﬁcation of likely positions in the primary sequence.
The ﬁrst round of MARS only made 28 assignments out of 62, excluding
the His-tag and prolines, in which 11 connections were built between them.
The connectivity cannot be built through prolines as there is no amide proton.
Manual assignment, inspection and ﬁne-tuning of chemical shifts to match con-
nectivity between amino acid residues was performed to improve and complete
the backbone assignment.
A total of 56 backbone assignments (out of a possible 62) were achieved in
six rounds ofMARS calculations (see Figure 4.7, (a)), with manual reﬁnements
(example of backbone sequential assignment shown in Figure 4.6) after each
run. This gives more than 90% backbone assignment completeness. The ﬁrst
5 residues of the N-terminus could not be assigned, possibly due to their high
ﬂexibility, which could cause peak overlapping. Apart from this, only Val29
and Lys64 could not be assigned unambiguously due to loss of connection
caused by their neighbouring Proline (Pro30 and Pro63 respectively). Based
on the assignment, the Cys80 Cb chemical shift (27.68 ppm) indicated the
cysteine is in the reduced form as expected under the solution conditions of 10
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Figure 4.6: Example of backbone sequential assignment of Gp2, between residue 24 to
28, via the use of CBCA(CO)NH (strip A) and HNCACB (strip B). Backbone sequential
assignments could be established by linking the intermolecular carbon chemical shifts
(from the CBCA(CO)NH) of a particular residue i to the preceding residue's (i -1)
intramolecular carbon shifts (from the HNCACB). Adequate signal-to-noise could be
seen in this stretch of residues near the C terminus which aided in smooth assignment
of the backbone resonances.
mM DTT.
Secondary structure composition of Gp2 was predicted from the calculated
Chemical Shift Index (CSI, Wishart and Sykes, 1994). CSI predicts the sec-
ondary structure by observing the deviation of the experimental chemical shift
of a resonance (assignments of Ca, Cb, and Ha) from the expected random coil
shift value (i.e. the average chemical shift range). An index is created by
assigning a number (-1, 0 or +1) to a particular atom. Assignments below the
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expected range are assigned -1 while those above are assigned +1, "cluster-
ing" of such numbers gives an accurate prediction of secondary structure with
respect to the primary sequence. For example, Ca resonances of amino acids
forming b strand are characteristically downshifted (i.e. lower ppm). A con-
tiguous stretch of such chemical shift assignments for Ca nuclei can be used as
a suﬃcient indicator for the presence of b secondary structure (Wishart et al.,
1991b). From the CSI prediction, Gp2 comprises at least three b strands and
one a helix (see Figure 4.7, (b)).
4.3.2 Sidechain assignment
Aliphatic sidechain assignment
The assignments for the majority of the sidechain 1H and 13C resonances
were obtained from the combined use of HBHA(CBCACO)NH, 13C-H(C)CH-
TOCSY and 13C-(H)CCH-TOCSY experiments, based on the knowledge of
the backbone 1HN, 15N, 13C, 13CO and 1H resonance assignment. The Ha
and Hb resonances of the preceding residue were assigned in assisting with
the HBHA(CBCACO)NH. HCCH-TOCSY and H(C)CH-TOCSY experiments
were used to assign the sidechain resonances such as Cg/Hg, Cd/Hd, etc start-
ing from the Ca/Ha and Cb/Hb. The application of an in-house assignment aid
based on NMRView (Marchant et al., 2008) largely facilitated the progress of
sidechain assignment.
The majority of the sidechain nuclei could be assigned based on this ap-
proach. In particular all isoleucine, leucine and valine residues (including car-
bon and proton) chemical shifts were obtained. These amino acid residues are
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(a) Backbone assignment of Gp2
(b) Secondary structure prediction of Gp2 using a CSI
Figure 4.7: (a) 2D 1H-15N HSQC spectrum of double labelled Gp2 showing all back-
bone assignments. The numbers correspond to the amino acid residue numbers of
Gp2. A total of 56 backbone assignments (out of a possible 62) were made. Spectrum
recorded at 600 MHz and 303K. (b) Diagram representation of the calculated chemical
shift index (CSI, Wishart and Sykes, 1994). The primary sequence of Gp2 is shown
along the top, below which is the CSI for Ha, Ca and Cb per residue: -1 (blue lollipop),
0 (grey lollipop) and +1 (red lollipop) Contiguous stretches correlate to the secondary
structure elements (depicted in cartoon format) beneath the CSI prediction (i.e. three
b strands with one a helix.) Residues with no backbone assignments are indicated in
red boxes.
hydrophobic and tend to be buried in the core structure of the protein. Their
chemical shifts are therefore especially important as they can provide long
range NOEs which can deﬁne the protein architecture. Speciﬁcally, interesting
assignments included the Hg1 and Hg2 chemical shifts from Val20, which were
observed at -0.121 and 0.047 ppm respectively. This was signiﬁcantly diﬀerent
from the average chemical shifts of approximately 0.81 ppm as deposited into
the Biological Magnetic Resonance Databank (BMRB) (Markley et al., 2008)
and therefore such a resonance was expected to be ring-current shifted. The
sidechain assignment data of Val20 from the H(C)CH-TOCSY is illustrated in
Figure 4.8.
Aromatic sidechain assignment
There is a relatively large proportion of aromatic residues in Gp2 for such a
small protein (3 Phe, 3 Trp, 1 Try and 1 His excluding the His tag). The
sidechain of the aromatic amino acid residues also tend to be packed in the
hydrophobic core and can carry signiﬁcant structural information. They are
often assigned using 1H-13C NOESY-HSQC spectra due to the technical dif-
ﬁculties in transferring signal from the Cb to aromatic Cg via the TOCSY
phenomenon. The aromatic 1H-13C HSQC (see Figure 4.9) can be used to vi-
sualise all the C-H correlations of the expected aromatic sidechain resonances
in a two dimensional spectrum, which assists the assignment process as it
provides a starting point for assignment via other experiments.
Figure 4.10 demonstrates an example of the aromatic sidechain assign-
ments. Correlation with the a/b positions was established by observing NOE
peaks from the Hb protons of the corresponding residues in the 1H-13C NOESY-
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Figure 4.8: H(C)CH-TOCSY strips of Val40, showing the correlations between protons
within the residue. Ha and Hb resonance information were ﬁrst acquired from the
HBHA(CBCACO)NH strip of the next residue, Glu21. This then allowed the "build
up" of the Hg11 and Hg21 resonances by analysing the TOCSY correlation in the Ha
and Hb H(C)CH-TOCSY. The same strategy applied to the (H)CCH-TOCSY spectra
allowed the complete assignment of aliphatic sidechain resonances.
Figure 4.9: 13C aromatic HSQC of Gp2. With the assistance of 1H-13C-NOESY-
HMQC and 1H-1H TOCSY, the majority aromatic sidechain resonances observed in
the aromatic HSQC were assigned.
HSQC. The Hb resonances, assigned from the HBHA(CBCACO)NH and the
H(C)CH-TOCSY experiments, have NOE correlations with their aromatic d
resonances due to their close proximity (within 2 to 3 Å). This allowed the
identiﬁcation of the aromatic 1H shifts (around 6-8 ppm), which could then be
located in the 13C aromatic TROSY-HSQC (Figure 4.9). Based on the concept
that neighbouring atoms would be surrounded by similar partner atoms, thus
having similar NOE crosspeak positions. In generally, assignments could be
conﬁrmed by matching the overall NOE patterns of the sidechain resonances.
Further veriﬁcation was carried out by comparing the chemical shifts with the
Biological Magnetic Resonance Data Bank protein chemical shift statistics (Ul-
rich et al., 2008). These were later conﬁrmed when initial structures became
available. Consequently, 58 out of a possible 94 aromatic resonances from the
structural core could be unambiguously determined.
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Figure 4.10: 1H-13C NOESY-HSQC regions for Tyr47, showing the NOEs of its Hb,
Hd and He nuclei. NOE correlations to the aromatic sidechain resonances Hd and He,
at around 7.16 and 6.65 ppm respectively could be identiﬁed from the Hb strip. This
information was then used to identify the position of peaks from the 13C aromatic
TROSY-HSQC (Figure 4.9). Strips for Hd and He were located in the 1H-13C-NOESY-
HSQC, which were subsequently checked for general NOE patterns (for example, all
strips have common NOE crosspeaks to Ala43 Ha, Gln46 Hb1, Gln46 H
b
2, Val20 H
g
21 and
Val54 Hg21).
4.4 Structure Calculation
4.4.1 Calculation set-up
Successful assignment of NOESY spectra is required for structure calculation
in order to provide experimentally-determined distance restrains. NOE cross-
peaks were initially picked manually from the 3D 1H-13C (997 peaks) and
1H-15N (602 peaks) NOESY-HMQC/HSQC experiments, excluding the diag-
onal peaks. Chemical shift assignments, dihedral angles generated by TALOS
and 1H-13C, 1H-15N peak lists were submitted to ARIA (version 2.2) (Rieping
et al., 2007) for automated NOE assignment and structure generation (see
Section 2.3.4). Some details about the ARIA running parameters are listed
below:
- Spectra tolerance Direct proton tolerances for automated NOE as-
signment were set to 0.03 ppm and 0.05 ppm, indirect proton tolerances
0.05 and 0.08 ppm and Heteronuclear tolerances 0.5 and 1.0 for 15N and
13C-NOESY spectra respectively.
- Molecular dynamics protocol A restrained molecular dynamics pro-
tocol (torsion angle) was implemented.
- Floating chirality In proteins, many of the methylene protons or the
methyl protons of the isopropyl groups of valine or leucine are pro-chiral
and can have unique chemical shifts. Floating chirality was implemented,
which gives no preference to the assignment of stereogenic centres. Both
alternatives are tested during structural calculation, only the energeti-
cally preferred one is written to the data ﬁle.
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- CNS protocol Default settings were implemented.
In each round of NOE assignment performed by ARIA, a total number
of 20 structures were generated. Six of the lowest energy structures were
subsequently used to reﬁne restraints in the following iteration (see Section
2.3.4). In order to reduce the calculation time, the simulated annealing pro-
tocol used during iterative assignment simpliﬁes terms corresponding to the
nonbonded interactions. The unrealistic treatment of electrostatic and van der
Waals forces can lead to structures displaying artefacts such as non-optimal
side chain packing and unsatisﬁed hydrogen bond acceptors and donors (Linge
et al., 2003). To improve the structure quality, after iteration 8, the 10 lowest
energy structures were subjected to solvent reﬁnement in explicit water (Linge
et al., 2003) and formed the ﬁnal structure ensemble of converged structures
in a shell of water.
Structures generated by the ﬁrst run generally have signiﬁcant amount
of violations, and had varies fold. Although all of them already possessed
the three strands pack against one helix structure as predicted. After each
ARIA run, manual reﬁnements of the NOE peak lists were required in order to
improve on the structural calculation. In the ﬁrst run, 266 NOEs were violated
with over 0.5 Å tolerance. Although most of these violated restraints are
rejected by ARIA during early iterations, they may carry important structural
information and thus needed satisfying. Inspection of these peaks revealed that
the majority of the violations arose as a result of the automated peak picking
using in NMRView or picking of artefactual peaks, as illustrated in Figure 4.11
for some examples. The quality of the structure was greatly improved after
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Figure 4.11: Example of NOE violation reﬁnements. Violations could be caused by
(a) incorrect peak position, (b) incorrect peak integration, (c) missing of one or both
of the proton resonances, (d) incorrect picking of noise and (e) multiple NOE peak
overlap. Thus reﬁnements are needed to decrease the violation level.
ﬁxed the violated NOE peaks. A total of 13 ARIA run were performed to
achieve a ﬁnal structure of Gp2.
4.4.2 Calculation results: statistics
After 13 ARIA runs, a total of 1037 NOEs were assigned. This comprises
819 unambiguous and 218 ambiguous NOEs which corresponds to 16.2 NOE-
derived distance restraints per residue. In addition, 64 dihedral angle restraints
generated by TALOS with no signiﬁcant violations greater than 5◦ were also
incorporated into the calculation. A total number of 1101 experimental re-
straints were used for structure calculation (see Table 5.1).
The root mean square deviation (RMSD) for the ﬁnal 10 structures (i.e.
lowest energy and water reﬁned) with respect to various of aspects of conformer
148
Experimental Restraints
Gp2 (pdb:
2WNM)
NOE-derived unambiguous
intra-residual 340
sequential 174
medium-range (2 ≤ |i-j| ≤ 5) 80
long-range (|i-j| > 5) 225
NOE-derived unambiguous 819
NOE-derived ambiguous 218
TALOS -derived (f and y) 64
Total 1101
Table 4.1: Experimental restraints for structural calculation of Gp2. Summary of
NOE-derived restraints (including number and type) and TALOS-derived dihedral angle
restraints incorporated into the structure calculation. A total number of 1101 restraints
were used in ARIA to generate structures. There were no signiﬁcant NOE violations
greater than 0.5 Å (or dihedral angle violations greater than 5◦). |i-j| is the sequence
separation between the corresponding residues of two nuclei. All statistics obtained
from ARIA and/or CNS.
geometry are shown in Table 4.2. The experimental structure geometry is
compared to the ideal geometry. The small diﬀerences between the calculated
and the ideal geometry suggests that no signiﬁcant distortions from ideality
are caused by the restraints used. In addition, the variation in position of
backbone (HN, N, Ca, Ha, C', O) and heavy atoms (all nuclei except H) of
each structure model of the ensemble are compared. Overall, the models were
well deﬁned with a backbone RMSD less than 0.5 Å (see Table 4.2).
4.4.3 Calculation results: the solution structure of Gp2
The structure ensemble of the 10 lowest energy structures demonstrates a
good convergence of the obtained conformers (RMSD = 0.12 Å over backbone
atoms in secondary structure)(see Figure 4.12). The structure of Gp2 consists
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General Stereochemical Parameters
RMSD from experimental restraints
Distance (Å) 0.024 ± 0.001
Dihedral angle (◦) 0.4 ± 0.1
RMSD from idealised covalent geometry
Bond (Å) 0.027 ± 0.0001
Bond angles (◦) 0.41 ± 0.01
Improper angles (◦) 0.37 ± 0.02
Coordinate RMSD (Å)
Backbone atoms in secondary structure 0.12 ± 0.03
Heavy atoms in secondary structure 0.39 ± 0.08
Table 4.2: Structural statistics of ﬁnal calculated ensemble. RMSD for various as-
pects of conformer geometry including the experimental restraints, idealised covalent
geometry and coordinate positions of secondary structure. All statistics are obtained
from ARIA.
of three b-strands packed against one a-helix and folds into a compact, globular
domain. It demonstrates a b1b2a1b3 topology. The central b2 strand is ﬂanked
by antiparallel b1 and b3 strands (see Figure 4.13). A buried hydrophobic core
can be deﬁned by side chains of residues Phe16, Ala18, Val20(b1), Ile31, Ala33
(b2), Ala39, Ala43 (a1) plus Val54 and Val57 (b3) (see Figure 4.14).
4.5 Structural Validation
Structure validation is an essential step to ensure the three-dimensional struc-
tures generated from the structure determination process are reliable. The
NMR structure ensembles of Gp2 were assessed using the PSVS software suite,
which provides quantitative analysis of backbone dihedral angles (f, y and w),
sidechain torsion angles (q1,q2) and van der Waals steric interactions.
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Figure 4.12: View of the calculated structure ensemble for Gp2. The ﬁnal struc-
ture ensemble, each individual structure depicted as ribbon traces of the Ca backbone,
comprises the 10 lowest energy structures and shows a good convergence. The N and
C-termini represent the least deﬁned parts of the ensemble, due to the inherent absence
of NOE restraints in such regions. However the pleated nature of b strands and a helix
can clearly be seen (images created in PyMol, DeLano Scientiﬁc).
(a) Cartoon representation
(b) Topology representation
Figure 4.13: A single cartoon representative structure of Gp2 (a) and its topology
representation (b). The secondary structure content comprises a single helix (a1) packed
against three b strands and folds into a compact and globular domain, the helix and
strands are separated by three short loops (images created in PyMol, DeLano Scientiﬁc).
Figure 4.14: Cartoon representation of solution structure of Gp2, showing the hy-
drophobic core of Gp2. Side chains of residue F16, A18, V20(b1), I31, A33, A39, A43,
V54 and V57 are shown as sticks and labelled (images created in PyMol, DeLano Sci-
entiﬁc).
4.5.1 Ramachandran plot
The Ramachandran plot provides a way to visualise the validity of backbone
dihedral angles (i.e. f and y angles) by plotting them on an energy landscape
consisting allowed f (involving C'-N-Ca-C') and y (involving N-Ca-C'-N) re-
gions (Ramachandran et al., 1963). It was used as a means to assess the f
and y angles of the Gp2 structure. An analysis of all residues comprising the
10 best structures ensemble (lowest energy and water reﬁned) was conducted
using ProCheck (Laskowski et al., 1993, 1996) (see Table 4.3). Out of all the
residues of the 10 best structures ensemble of Gp2, 80.7% (347 residues out of
430 non-Gly and non-Pro residues) fall into the most favoured regions. This
rises to 100% if including those in additionally allowed regions (see Figure
4.15, also see Appendix C.1.1 and C.2 for more details). The lowest energy
structure was also submitted to ProCheck for validation (see Appendix C.2.1
and C.2.2). Asp32 falls into a disallowed region. However, it is not generally
153
Plot Region
Number of
Residues
Percentage of
Residues
Non-Gly and non-Pro residues 430
Most favoured 347 80.7%
Additional allowed 83 19.3%
Generously allowed 0 0.0%
Disallowed 0 0.0%
Gly residues 10
Pro residues 30
Total numbers of residues 470
Table 4.3: Ramachandran plot statistics for Gp2. More than 80% of the non-Gly
and non-Pro residues fell into the most favoured regions and 100% of the residues were
covered in the allowed regions.
violated according to the Ramachandran plot results for the Gp2 ensemble.
No dihedral angle or NOE restraints is violated for this residue. In addition,
this residue is located at the N-terminus of the ﬁrst b-strand in the three-
dimensional structure. However, lacking of NOE restraints in this ﬂexible
region might contribute to this result.
4.5.2 Sidechain torsion angles
The sidechain torsion angles Chi-1 (q1) and Chi-2 (q2) were analysed as well
for structure validation. q1 and q2 correspond to the sidechain dihedral angles
N-Ca-Cb-Cg and Ca-Cb-Cg-Cd respectively. Such angles are aﬀected by steric
restrictions imposed by its own backbone atoms and sidechain nuclei from
its neighbouring residues. Thus they typically cluster (with the exception of
Asn, Asp and Trp in some cases) at around 60◦, 180◦ or -60◦ (300◦) (often
referred to as gauche+, trans and gauche− conformations respectively). The
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Figure 4.15: Ramachandran plot for the calculated NMR ensemble of the Gp2. 80.7%
of non-Gly and non-Pro residues fall into the most favoured regions. Rising to 100% if
including those in additionally allowed regions.
favourability of the adopted conformations was assessed by ProCheck using
q1 Vs q2 plots and "G-factor scores" (Laskowski et al., 1993). The G-factor
provides a measure of how out-of-the-ordinary a property is (Laskowski et al.,
1993). The smaller the G-factor score, the more unusual a conformation would
be. From the obtained results, there were no amino acid sidechains adopting
signiﬁcantly unfavourable (i.e. G-factor scores less than -3) or disallowed con-
formations (see Appendix C.3).
Leu42 located on the a-helix has the most unfavourable G-factor score (-
2.99). However, all the structures of the ensemble have good convergence with
its torsion angles and as there were no NOE or dihedral violations associated
with this residue, this may reﬂect a genuine conformation. According to the
structure (see Figure 4.16), Leu42 is packed in the core, where it is involved
in some packing interactions with neighbouring residues such as Ile31. As a
consequence, the residue may have to adopt an unfavourable conformation.
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Figure 4.16: Cartoon representation of Gp2, Leu42 and Ile31 are shown as sticks,
demonstrating the two residues are close in space, interactions between these two
residues may cause L42 to adopt an unfavourable conformation (images created in
PyMol, DeLano Scientiﬁc).
4.6 Structural Features and Analysis
This section examines some of the structural features associated with Gp2.
The structural features may provide information about its biological role.
4.6.1 Ring current shifted Valine20
With the structure in hand, if reliable it should be able to explain unusual
chemical shifts observed in NMR spectra of the protein. From the structure
it appears that Tyr47 causes the ring current shift eﬀect on the Hg1 and Hg2
of Valine 20 (see Figure 4.17), from an average shift of approximately 0.8±0.4
ppm (statistics from BMRB, Ulrich et al., 2008) to -0.121 and 0.047 ppm
respectively. This explains the characteristic methyl region observed in the 1D
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Figure 4.17: View of Val20 and Tyr47. Hg1 and Hg2 of Val20 are apparently ring
current shifted by the aromatic side chain of Tyr47. The structure of Gp2 is shown in a
cartoon representation, V20 and Y47 are shown in sticks and labelled correspondingly.
Figure generated by PyMol, DeLano Scientiﬁc.
1H spectrum of Gp2 as demonstrated in Figure 4.4. This "signature" of the
fold could be applied in monitoring the structural integrity of diﬀerent Gp2
mutants (see Section 7.2.2).
4.6.2 Surface exposed conserved residues
Based on the sequence alignment of Gp2 with other Gp2-like proteins, residue
Glu28, Ala33, Ala39, Tyr47, Arg56 and Arg58 are 100% conserved across all
Gp2-like proteins. In which the Glu28, Arg56 and Arg58 are highly exposed
to the surface (see Figure 4.18). They might be important for Gp2 to interact
with and/or to inhibit RNAP.
4.6.3 Surface electrostatic properties
Qualitative examination of the surface electrostatic properties of Gp2 with
PyMol revealed an interesting feature of Gp2: the clear separation of negative
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(a) Sequence alignment of Gp2 with other Gp2-like proteins
(b) Cartoon representation of Gp2 showing two surface exposed Arginines
Figure 4.18: The sequence alignment of Gp2 with other Gp2-like proteins reveals three
conserved residues, Glu28, Arg56 and Arg58, which may have important functions to
interact with and/or inhibit RNAP (images created in PyMol, DeLano Scientiﬁc).
and positive charges on opposite sides of the molecule (see Figure 4.19, (a)).
The contiguous strip of negative charges comprise Glu21, Glu34, Asp37, Glu38,
Glu41, Glu44 and Glu53 running the length of the a-helix to the b1b2 loop
(see Figure 4.19, (b)). Since DNA is negatively charged, this feature may be
very important for Gp2, not just in binding of this inhibitor to RNAP, but
also in its function as a transcription inhibitor. However, further evidence is
required to prove this hypothesis.
4.7 Summary
In this chapter, the methods of obtaining the ﬁrst atomic resolution structure
of Gp2 by NMR spectroscopy have been discussed in detail. The solution
structure of Gp2 folds into a compact, globular domain which consists of three
b-strands packed against one a-helix. Among all the conserved residues within
all Gp2-like proteins, the three 100% conserved residues (Glu28, Arg56 and
Arg58) are exposed to the surface. The structure of Gp2 also revealed a dis-
tinctive asymmetric distribution of charge on the surface, a negatively charged
strip (NCS) is shown to be located on the opposite side of the molecule from
the three conserved residues. The structure studies of Gp2's binding partner
E. coli RNAP b' subunit Jaw domain, structure studies of the complex and
respective biological studies would largely beneﬁts the understanding of Gp2's
inhibition mechanism, and is outlined in Chapter 5, 6 and 7.
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Figure 4.19: (a) Electrostatic surface view of Gp2. The local protein contact potential
reveals a negatively (Red) charged stripe running diagonally across the surface of Gp2
and separated from the positively-charged region (Blue). (b) Electrostatic surface view
of Gp2 with the conserved and exposed residues and residues on the negatively charged
stripe shown in sticks and coloured in blue and magentas respectively. Images and
surface electrostatics generated in PyMol, DeLano Scientiﬁc.
Chapter 5
Structure Characterisation of
RNA polymerase Beta' Subunit
Jaw Domain
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5.1 Introduction
In this chapter, the process of obtaining the ﬁrst atomic resolution structure
of the b' Jaw domain from E. coli RNAP will be described. The structure of
Jaw domain will provide an extra piece of information towards understanding
of the structure of E. coli RNAP and putative site of interaction of Gp2. The
same standard heteronuclear NMR methods were applied here as for Gp2 (see
Chapter 4).
5.2 Sample Preparation of Jaw Domain
The b' Jaw domain (Residue 1151-1213 of b' subunit of E.coli RNAP), with
His-tag at the N-terminal end in vector pET28b+ (KanR) was provided by
the laboratory of Dr. Sivaramesh Wigneshweraraj (Imperial College London).
Methods used to produce and analyse the protein sample of Jaw domain were
described in Chapter 3, Section 3.4.
5.2.1 DNA ampliﬁcation and expression tests
Mini-preparation was carried out as described in section 3.2.2 to amplify the
DNA. Puriﬁed DNA clones were subjected to DNA sequencing by Cogenics to
ensure no mutation had arisen during the cloning procedure (see Figure 5.1).
Expression tests at 18 ◦C, 30 ◦C and 37 ◦C were carried out for the BL21(DE3)
cell line. The SDS-PAGE gel results (see Figure 5.2) demonstrate jaw domain
could be successfully expressed at all three temperatures and expression at 18
◦C overnight would provide the highest yield.
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Figure 5.1: pET28b+ expressed Jaw DNA and protein sequences (shown 5'-3'), gen-
erated by Web Map, n.d.. The 6×His tag is located at the 5' end of the construct. Also
shown are all the possible restriction enzyme sites present throughout the construct.
Figure 5.2: Expression tests of jaw domain at 18 ◦C, 30 ◦C and 37 ◦C. Labels:
M-Marker, I-Insoluble fraction of the cell lysate, S-Soluble fraction of the cell lysate.
Expression at 18 ◦C overnight provided the highest yield for Jaw expression.
Figure 5.3: Puriﬁcation proﬁle of double labelled jaw domain. Labels: M-Marker,
WC-Whole Cell (cell lysate), SE-Sonication Extract (soluble fraction of cell lysate),
FT-Flow Through, W-Wash, E-Elute, R-Resin. Double labelled (13C/15N) jaw domain
was expressed in M9 minimal medium with 15N and 13C isotopes. Protein was puriﬁed
using Ni-resin column in high purity and concentration.
5.2.2 Expression and puriﬁcation
A 1 litre expression of unlabelled Jaw domain was performed to test the condi-
tions of puriﬁcation using the same puriﬁcation conditions as Gp2 (see Section
3.2.4) and according to the SDS-PAGE gel, protein samples with high yield
and purity could be obtained. Double labelled (13C/15N) sample was also ex-
pressed in M9 minimal media (see Appendix A.2) with the addition of 15NH4Cl
and 13C glucose, and was puriﬁed successfully (see Figure 5.3).
5.2.3 1D/2D Spectral analysis
The 1D 1H and 2D 1H-15N NMR spectra of Jaw domain are characteristic
of a small, folded domain, as judged by the dispersion of resonances below
0.5 ppm and the amide region (see Figure 5.4). A total of roughly 70 nicely
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dispersed peaks can be seen in the 2D HSQC spectrum, which is enough for
the 64 residue domain (excluding of the 20 residue long His-tag). In addition,
spectra recorded after 48 hr of incubation at 310 K were essentially unchanged,
indicating that the protein is stable under these buﬀer conditions and was
suitable for acquisition of longer-term 3D spectra. The Jaw domain was thus
deemed for NMR structural determination.
5.3 Resonance Assignment
Resonance assignment was achieved in a similar fashion as for Gp2 as described
in Chapter 4 using NMRView with the help of the in-house assignment aid
(Marchant et al., 2008) and backbone assignment facilitated by MARS (Jung
and Zweckstetter, 2004).
A total of 55 (out of a possible 60) backbone assignments were readily made
corresponding to 92 % of all potential assignments (see Figure 5.5, (a)). The
ﬁrst three residues of the N-terminus could not be assigned, possibly due to
increased ﬂexibility and surface exposure at the terminus. Apart from this,
only Lys21 and Gly22 could not be assigned. As glycine is often found in
portions of proteins involves in turns, it is possible that Lys21 and Gly22
are present in a ﬂexible and surface exposed loop, backbone resonances for
these two residues could be missing or overlapped with other resonances. In
addition, the secondary structure composition of Jaw was predicted from the
calculated CSI based on the resonance assignments of Ha, Ca, Cb and C' (see
Figure 5.5, (b)), which indicates that the Jaw domain is comprised of at least
four b strands.
167
(a) 1D 1H NMR spectrum of unlabelled Jaw
(b) 2D 1H-15N HSQC NMR spectrum of double labelled Jaw
Figure 5.4: 1D 1H and 2D 1H-15N NMR spectra of Jaw. (a) Peaks at around 0 ppm
are indicatives of folded protein. (b) Demonstrating roughly 70 peaks which are widely
distributed indicating a folded domain. Spectra recorded at 600 MHz and 303 K.
(a) Backbone assignment of Jaw
(b) Secondary structure prediction of Jaw using CSI
Figure 5.5: (a) 2D 1H-15N HSQC spectrum of double labelled Jaw showing all back-
bone assignments. The numbers correspond to the amino acid residue numbers of Jaw.
A total of 55 backbone assignments (out of a possible 60) were made. Spectrum recorded
at 600 MHz and 303 K. (b) Diagrammatic representation of the calculated chemical shift
index (CSI). The primary sequence of Gp2 is shown along the top, below which is the
CSI for Ha, Ca and Cb per residue. The cartoon representation of contiguous stretches
correlate to the secondary structure elements beneath the CSI prediction.
With the backbone assignments completed, the sidechain assignments were
subsequently established using the same methods stated in Chapter 4. All
sidechain assignments were considered essentially complete. The Hg2 chemi-
cal shift of Isoleucine28 was notably ring-current shifted to 0.3 ppm (average
0.8±0.3 ppm, statistics from BMRB, Ulrich et al., 2008) but otherwise most
assignments were as expected and this combined with the relatively small size
and good spectral dispersion resulted the assignments straightforward.
5.4 Structure Calculation
5.4.1 Calculation set-up
Structure calculations for the Jaw were set-up usingARIA (version 2.2) (Rieping
et al., 2007). Backbone dihedral angle restraints were generated from TALOS+
(Shen et al., 2009), see Chapter 2, Section 2.3.4 for more details.
5.4.2 Calculation result: statistics
After 33 ARIA runs, a total of 1183 NOEs were assigned. This comprises
921 unambiguous and 262 ambiguous NOEs which corresponded to 18.5 NOE-
derived distance restraints per residue. In addition, 104 dihedral angle re-
straints generated by TALOS with no signiﬁcant violations greater than 5◦
were also incorporated into the calculation. A total of 1287 experimental re-
straints were thus used for structure calculation (see Table 5.1).
The pair-wise RMSD for the ﬁnal 10 structures (i.e. lowest energy wa-
ter reﬁned) with respect to various aspects of conformer geometry are shown
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Experimental Restraints Jaw
NOE-derived unambiguous
intra-residual 394
sequential 154
medium-range (2 ≤ |i-j| ≤ 5) 67
long-range (|i-j| > 5) 306
NOE-derived unambiguous 921
NOE-derived ambiguous 262
TALOS -derived (f and y) 104
Total 1287
Table 5.1: Experimental restraints for structural calculation of Jaw. Summary of
NOE-derived restraints (including number and type) and TALOS-derived dihedral angle
restraints incorporated into the structure calculation. |i-j| is the sequence separation
between the corresponding residues of two nuclei. All statistics obtained from ARIA
and/or CNS.
in Table 5.2. The experimental structure geometry is compared to the ideal
geometry. The small diﬀerences between the calculated and the ideal geom-
etry suggests that no signiﬁcant distortions from ideality are caused by the
restraints used. In addition, the backbone and heavy atom RMSD of the en-
semble suggest that the models are well deﬁned, and with a backbone RMSD
less than 0.5 Å (see Table 5.2).
5.4.3 Calculation results: the solution structure of Jaw
The structural ensemble of the 10 lowest energy structures demonstrates a
good convergence of the obtained conformers (RMSD = 0.22 Å over backbone
atoms in secondary structure)(see Figure 5.6). The structure of Jaw consists
of four antiparallel b-strands packed against each other to form a compact,
globular domain (see Figure 5.6). A buried hydrophobic core is deﬁned by the
side chains of residues Ile6 (L1), Val14 (b1), Ile10 (L1), Ile28 (b2), Ile41 (b3),
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General Stereochemical Parameters
RMSD from experimental restraints
Distance (Å) 0.041 ± 0.001
Dihedral angle (◦) 0.4 ± 0.07
RMSD from idealised covalent geometry
Bond (Å) 0.005 ± 0.0001
Bond angles (◦) 0.64 ± 0.008
Improper angles (◦) 1.73 ± 0.06
Coordinate RMSD (Å)
Backbone atoms in secondary structure 0.22 ± 0.03
Heavy atoms in secondary structure 0.59 ± 0.05
Table 5.2: Structural statistics of ﬁnal calculated ensembles. RMSD for various as-
pects of conformer geometry including the experimental restraints, idealised covalent
geometry and coordinate positions of secondary structure. All statistics are obtained
from ARIA.
Ile61 (L5), Leu26 (b2), Leu47 (L4), Phe16 (b1) and Tyr37 (b3) (see Figure
5.7).
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(a) View of the calculated structure ensemble of Jaw
(b) Cartoon representation of solution structure for Jaw
Figure 5.6: Solution structure of Jaw. (a) The ﬁnal structure ensemble, each indi-
vidual structure depicted as ribbon traces of the Ca backbone, comprises the 10 lowest
energy structures and shows a good convergence. The N and C-termini represent the
least deﬁned parts of the ensemble, due to the inherent absence of NOE restraints in
such regions. (b) A single cartoon representative structure of Jaw, the N, C-termini
and each of the b strands are labelled (images created in PyMol, DeLano Scientiﬁc).
Figure 5.7: Cartoon representation of the solution structure of Jaw, showing the
hydrophobic core. Side chains of residues I6 (L1), V14 (b1), I10 (L1), I28 (b2), I41 (b3),
I61 (L5), L26 (b2), L47 (L4), F16 (b1) plus Y37 (b3) are shown as sticks and labelled
(images created in PyMol, DeLano Scientiﬁc).
5.5 Structural Validation
The NMR structure ensembles of Jaw were assessed using the PSVS software
suite, which provides quantitative analysis of backbone dihedral angles (f,
y and w), sidechain torsion angles (q1,q2) and van der Waals steric interac-
tions. This is an essential step for every protein structure to ensure the three-
dimensional structures generated from the structure determination process are
reliable.
5.5.1 Ramachandran plot
The Ramachandran plot (Ramachandran et al., 1963) was used as a means
to assess the f and y angles of the Jaw structure. An analysis of all residues
comprising the 10 best structures (lowest energy and water reﬁned) was con-
ducted using ProCheck (Laskowski et al., 1993, 1996) (see Table 5.3). Out
of all residues, 83.9% (411 residues out of 490 non-Gly and non-Pro residues)
fall into the most favoured regions. This rises to 100% of residues if including
those in additionally allowed regions of the plot (see Appendix C.4.1 and C.5
for more details). The average energy minimised structure was also submit-
ted to ProCheck for validation (see Appendix C.5.1 and C.5.2). None of the
residues fall into the disallowed region.
5.5.2 Sidechain torsion angles
The sidechain torsion angles Chi-1 (q1) and Chi-2 (q2) were analysed as well
for structure validation. Only sidechains from residue Ile41 with G-factor
score -3.05 adopted a signiﬁcantly unfavourable conformation (see Appendix
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Plot Region
Number of
Residues
Percentage of
Residues
Non-Gly and non-Pro residues 490
Most favoured 411 83.9%
Additional allowed 49 16.1%
Generously allowed 0 0.0%
Disallowed 0 0.0%
Gly residues 60
Pro residues 30
Total numbers of residues 580
Table 5.3: Ramachandran plot statistics of Jaw. More than 80% of the non-Gly and
non-Pro residues fell into the most favoured regions and 100% of the residues were
covered in the allowed regions.
C.6). However, all the structures of the ensemble have good convergence in this
region and no restraints were violated which may suggest that this is a genuine
conformation. According to the solution structure of Jaw, Ile41 is located in
the b3-strand, packed in the hydrophobic core, where it is involved in packing
interactions with neighbouring residues such as Arg45, Ile6 and Ser62. As a
consequence, the residue may have to adopt an unfavourable conformation.
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Figure 5.8: Cartoon representation of solution structure of Jaw, Ile41 and its neigh-
bouring amino acids Arg45, Ile6 and Ser62 are shown as sticks, demonstrating the
residues are close in space, interactions between these residues may cause Ile41 to adopt
an unfavourable conformation (images created in PyMol, DeLano Scientiﬁc).
5.6 Structural Features and Analysis
This section discusses some of the structural features associated with the E.
coli RNAP b' Jaw domain, in particular those which give rise to the distinct
NMR spectrum of Jaw domain and those which may provide information about
its biological role.
5.6.1 Ring current shifted Isoleucine28
The structure allows explanation of the ring current shift eﬀect on the Hg2 of
Isoleucine28 (see Figure 5.9), from an average shift of 0.8±0.3 ppm (statistics
from BMRB, Ulrich et al., 2008) to 0.3 ppm. This is caused by proximity to
Tyr37 in the core and explains the characteristic methyl region observed in the
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Figure 5.9: A close view of Tyr37 and Ile28. Hg2 of Ile28 is ring current shifted by the
aromatic side chain of Tyr37. The structure of Gp2 is shown in a cartoon representation,
Ile28 and Tyr37 are shown in sticks and labelled correspondingly. Figure generated by
PyMol, DeLano Scientiﬁc.
1D 1H spectrum of Jaw as demonstrated in Figure 5.4. This "signature" of
the fold could be applied in monitoring the structural integrity and the sample
concentration in the context of studying Gp2-Jaw complex.
5.6.2 Structurally important Glycine12
As mentioned previously in Chapter 1, section 1.1.6, amino acid substitution
(G1161R) in the Jaw of the b' subunit of E. coli RNAP reduces the level of
transcription eﬃciency. The solution structure reveals that G1161 (G12 in
the Jaw construct), is packed in between the hydrophobic residues V14, I28
and V55 (see Figure 5.10). In this packing, substitution of the glycine at this
position to arginine would cause steric clash of the three hydrophobic residues.
This may result in the unfolding or partial unfolding of this domain, which
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Figure 5.10: Expansion of the area around Gly12, which is packed in between residues
Val14, Ile28 and Val55. Figure generated by PyMol, DeLano Scientiﬁc.
may explain the reduced level of transcription eﬃciency.
5.6.3 Surface electrostatic properties
Qualitative examination of the surface electrostatic properties of the Jaw do-
main reveals some interesting features. The surface is highly charged (i.e.
facilitating favourable solubility properties), however there is a clear separa-
tion of positively and negatively charged residues localised on two sides of
the molecule (see Figure 5.11, (a)). Lys18, Lys21, Ly23, Arg24, Arg25, lys43
and Arg45 all appear to comprise a band of positive charge which runs diago-
nally across the surface (see Figure 5.11, (b, left panel)). Glu9, Asp32, Asp35,
Glu38, Glu39, Glu56, Asp59 and Asp63 comprise a patch of negative charge
localised on the other side of the surface (see Figure 5.11, (b, right panel)).
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(a) Electrostatic surface of Jaw
(b) Amino acid residues with positively (left) and negatively (right) charged sidechains
Figure 5.11: The Jaw domain exhibits a localised region of positive and negative
charges. (a) Electrostatic Surface view of Jaw. The local protein contact potential
reveals a positively (Blue) charged stripe running diagonally across the surface of Jaw.
(b) All the amino acid residues with positively (left) and negatively (right) charged
sidechains are shown as sticks, and they are signiﬁcantly concentrated on one side of
the molecule (images created in PyMol, DeLano Scientiﬁc).
5.7 Summary
NMR spectroscopy was again applied to solve the ﬁrst atomic resolution struc-
ture of the E. coli RNAP b' Jaw domain, which forms part of the downstream
DNA binding channel and is involved in important network of protein-nucleic
acid interactions. The structure of Jaw domain has demonstrated an uneven
distribution of charged residues, which maybe important for its biological func-
tions. It will be interesting to re-visit the structural features of the Jaw domain
in the context of the complex, which will be investigated in Chapter 6 and 7.
This may provide essential information for further elucidating Gp2's binding
mechanism.
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Chapter 6
Interaction Studies of Gp2 and
Jaw domain, and Structural
Characterisation of the Complex
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6.1 Introduction
Identiﬁcation of the interaction between Gp2 and Jaw domain has further
supported the mutagenesis studies about the Jaw domain and its function for
Gp2 interaction (Nechaev and Severinov, 1999). Structure determination of
the complex would provide the ﬁrst structural detail for Jaw in binding with
Gp2, which may provide important evidence to understand the binding and
inhibition mechanism of Gp2.
6.2 Interaction Studies between Gp2 and Jaw
domain
6.2.1 NMR titration experiment
Interaction between Gp2 and Jaw domain was identiﬁed from monitoring sig-
nals on each side of the complex. Signiﬁcant chemical shift changes were
observed for the Gp2 when unlabelled Jaw was titrated in, which indicates
Gp2-Jaw interaction (see Figure 6.1, (a)). A reciprocal eﬀect was observed
when unlabelled Gp2 was titrated into double labelled Jaw (see Figure 6.1,
(b)). In addition, both titration experiments demonstrated that the interac-
tion between Gp2 and Jaw falls into the slow exchange regime (see Chapter
2 and Section 2.3.5), in which the kex  |∆ν|. This is a likely indication of
a strong interaction between the two components. The stoichiometry of the
interaction could also be identiﬁed as 1:1, based on at the molar ratio of 1:1
between the double labelled protein and unlabelled protein required for satu-
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ration, i.e. no further peak shifts were observed. The titration of unlabelled
Jaw into double labelled Gp2 is shown in Figure 6.2.
6.2.2 ITC experiment
ITC data conﬁrmed the protein-protein interaction between Gp2 and Jaw (i.e.
signiﬁcant heat changes could be observed upon titration of the Jaw) (see Fig-
ure 6.3). The reaction is spontaneous due to DG = −3058.2±61.49 kcal mol-1
and driven by both favourable changes in enthalpy (DH = −3053.2 ± 61.49
kcal mol-1) and entropy (DS = 17.2 cal K-1 mol-1). The calculated binding
aﬃnity is 9.13×105), which corresponds to a micromolar dissociation constant
of 1.09×10−6 M. The Gp2-Jaw interaction is therefore tight and subsequently
results in the formation of a stable protein complex. The estimated molar
ratio of Gp2-Jaw interaction is 0.999 ± 0.0148 and is in consistent with a 1:1
stoichiometry as predicted from the NMR titration experiment.
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(a) 13C/15N labelled Gp2 with unlabelled Jaw
(b) 13C/15N labelled Jaw with unlabelled Gp2
Figure 6.1: Identiﬁcation of the Gp2-Jaw interaction by NMR spectroscopy. (a), 2D
1H-15N HSQC spectrum of double labelled Gp2 (black) and bound to the unlabelled
Jaw domain (blue). (b), 2D 1H-15N HSQC spectrum of double labelled Jaw (black)
and bound to the unlabelled Gp2 domain (Red). Observed chemical shift changes are
indicative of an interaction between Gp2 and Jaw. Spectra recorded at 600 MHz and
303 K.
Figure 6.2: Gradual titration experiments demonstrate the interaction between Gp2
and Jaw falls into the slow exchange regime for all signals and the interaction stoi-
chiometry is 1:1. (a) 2D 1H-15N HSQC spectrum of double labelled Gp2 with 0.5 molar
ratio of unlabelled Jaw. Most peaks disappeared as a result of peak broadening due
to non-saturated binding. (b) 2D 1H-15N HSQC spectra of double labelled Gp2 with
1 molar ratio of unlabelled Jaw. Peaks reappeared. (c) 2D 1H-15N HSQC spectra of
double labelled Gp2 with 2 molar ratio of unlabelled Jaw. (d) Overlayed 2D 1H-15N
HSQC spectra of apo form of Gp2 (black), bound Gp2 with 0.5 (red), 1 (green) and 2
(blue) molar ratio of Jaw. After the molar ratio between Gp2 and Jaw reaches 1:1, no
further peak shifts were identiﬁed when more unlabelled protein was titrated in.
Figure 6.3: Isothermal titration calorimetry of the Gp2-Jaw interaction. (a) Raw
data comprising 25 × 20 ml injections of Jaw (300 mM) into Gp2 (30 mM). A binding
event can be observed via the signiﬁcant heat release (i.e. negative "spiking"). The end
of heat release (above that of buﬀer, i.e. after about 70 mins) indicates the end (i.e.
saturation) of the reaction. (b) The processed ITC data plotted with the total amount
of heat energy released (kcal) per mole of injection against the molar ratio of the two
components. The data points (black squares; line of the best ﬁt shown) were ﬁtted to
a one site binding model and correspond to a micromolar dissociation constant (Kd=
∼ 1 mM)
6.3 Structure determination of the Gp2-Jaw com-
plex
To provide a complete insight into the Gp2-Jaw interaction, with the aim of
elucidating the inhibition mechanism, structure determination (by NMR) of
the complex was conducted. This comprised in part of re-recording all NMR
data in the context of the complex (i.e. 13C/15N double labelled Gp2 bound
to an unlabelled Jaw) and the subsequent re-assignment of all resonances ex-
hibiting chemical shift changes. Reciprocal data recording and assignment for
the other side of the complex (i.e. 13C/15N double labelled Jaw bound to an
unlabelled Gp2) is also required for determining the complex structure in its
entirety.
6.3.1 Sample preparation of the Gp2-Jaw complex
Two samples of the complex (double labelled Gp2 with unlabelled Jaw; dou-
ble labelled Jaw with unlabelled Gp2) were prepared and assembled using the
NMR titration method, as describe in Chapter 3, section 3.7. The full satura-
tion of the binding site for the labelled component of the complex was assured
by having slightly more unlabelled component than the labelled one, i.e by
having a molar ratio of approximately 1.5 : 1 of unlabelled to labelled protein.
Relative concentrations of Gp2 and Jaw were established by comparing the 1D
ring current shifted methyl groups' intensities.
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6.3.2 Sample quality check by 1D 1H NMR and 2D 1H-
15N HSQC
1D 1H and 2D 1H-15N NMR spectra of the complex for both sides (i.e double
labelled Gp2 with unlabelled Jaw and double labelled Jaw with unlabelled
Gp2) demonstrated that both proteins were still folded after interacting with
its interaction partner (see Figure 6.4). Approximately 70 nicely dispersed
peaks can be seen in the 2D HSQC spectra for both sides of the complex,
indicating that the complex structure could also be characterised by NMR
spectroscopy.
6.3.3 Resonance assignment
Resonance assignment was achieved in a similar fashion for the unbound pro-
tein as described in Chapter 4 and Section 4.3. Crosspeak picking was con-
ducted usingNMRView with the help of the in-house assignment aid (Marchant
et al., 2008). The backbone assignment was facilitated by the use of MARS
(Jung and Zweckstetter, 2004).
Resonance assignment for bound Gp2
For bound Gp2, a total of 57 (out of a possible 62, excluding the the His-tag
and prolines) amide assignments were made corresponding to 92 % of those
expected (see Figure 6.5, (a)). The ﬁrst 4 residues of the N-terminus could
not be assigned, possibly due to their high ﬂexibility and level of exposure to
the buﬀer, results in a rapid amide exchange rate which leading to the lost of
peaks. Apart from this, the last residue Lys84 could not be assigned due to loss
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Figure 6.4: 1D 1H spectra of both sides of the complex. Top panel: 1D spectrum of
double labelled Gp2 bound with unlabelled Jaw. Bottom panel: 1D spectrum of double
labelled Jaw bound with unlabelled Gp2. The ring current shifted peaks of Gp2 are
indicated and labelled by a red line and that of Jaw are indicated by a blue line.
of connection caused by the neighbouring Pro83. Based on the assignment, the
Cys80 Cb chemical shift (26.3 ppm) indicated that for the bound Gp2 under the
NMR buﬀer condition, the cysteine is still in the reduced form and therefore
there was no disulphide bond formation inter-molecularly. In addition, the
secondary structure composition of bound Gp2 was highly similar to its apo
form based on the CSI prediction, which maintains the three b strands and
one a helix composition (see Figure 6.5, (b)).
All sidechain assignments were considered complete. The Hg1 and Hg2
chemical shifts of Val20 were notably ring-current shifted (-0.09 and 0.105 ppm
respectively) and consistent with that previously observed in the unbound form
(-0.121 and 0.047 ppm respectively). This suggested that the associated struc-
tural geometry, with respect to the relative proximity of Tyr47 (see Chapter 4,
Section 4.6.1) had not been signiﬁcantly altered by the interaction with Jaw.
Resonance assignment for bound Jaw
For bound Jaw, a total of 54 (out of a possible 60) backbone assignments were
made corresponding to 90% of all potential assignments (see Figure 6.6, (a)).
The ﬁrst four residues of the N-terminus could not be assigned, possibly due
to their high ﬂexibility at the terminus. Apart from this, only Lys21 and M40
could not be assigned. Lys21 could also not be assigned in the apo form of
Jaw, and from the structure of Jaw, it is located in a ﬂexible loop region. The
high ﬂexibility of this region may be causing signal overlap and making the
resonance for this residue unassignable. The sidechain of M40 was able to
be assigned due to its characteristic Ce and He resonances. However, due to
the fact that sidechain resonances for M40 were identiﬁed on the 13C-ﬁltered
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(a) Backbone assignment of bound Gp2
(b) Secondary structure prediction of bound Gp2 using
a CSI
Figure 6.5: (a) 2D 1H-15N HSQC spectrum of double labelled Gp2 in complex with
unlabelled Jaw showing all backbone assignments. Residue numbers are shown. A total
of 57 backbone assignments (out of a possible 62) were made. Spectrum recorded at
600 MHz and 303 K. (b) Chemical Shift Index (CSI): The primary sequence of Gp2
is shown along the top, below which is the CSI for Ha, Ca and Cb per residue. The
cartoon representation of contiguous stretches correlates to the secondary structure
elements beneath the CSI prediction.
NOESY-HSQC spectrum, this residue is located in proximity to the binding
interface. The lost of signals for its backbone amide could be due to the eﬀect
of an intermediate conformational exchange. Based on the calculated CSI
prediction (see Figure 6.6, (b)), the bound Jaw is consistent with its apo form
and has exclusively b strands as its secondary structure composition.
As the bound protein is approximately twice the size of the apo form, it had
relatively poorer relaxation properties. The possession of shorter T2 gives rise
to poorer signal to noise ratios in NMR spectra and together with the lower
concentration of labelled materials (dilution eﬀect after titration), resulted in
spectra of much lower quality than either of the free states. Hence, it was more
challenging to assign the chemical shifts and to compile a correct NOE peak list
in the bound state and a much greater amount of manual work was required.
However, the problem was made easier by having a similar fold between the
apo and bound states. E.g., based on the assumption that a similar protein
fold would generate similar peak patterns (e.g. NOE peaks) in the spectra, the
NOESY spectra of the apo form could be used as a guide in discriminating a
genuine NOE peak from a noise in the bound spectra, as illustrated in Figure
6.7, showing the NOESY strips of Ile28 Hg21 of Jaw from both bound and apo
states.
All sidechain assignments were considered complete. The Hg21 chemical
shift of Isoleucine28 was notably ring-current shifted, from an average shift of
0.8 ppm (statistics from BMRB, Ulrich et al., 2008) to 0.36 ppm, similar to
that observed previously in the unbound form (0.3 ppm). This suggested that
the associated structural geometry, with respect to the relative proximity of
Tyrosine37 (see Chapter 5, Section 5.6.1) had not been signiﬁcantly altered by
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(a) Backbone assignment of bound Jaw
(b) Secondary structure prediction of bound form Jaw
using a CSI
Figure 6.6: (a) 2D 1H-15N HSQC spectrum of double labelled Jaw in complex with
unlabelled Gp2 showing all backbone assignments. A total of 54 backbone assignments
(out of a possible 60) were made. Spectrum recorded at 600 MHz and 303 K. (b)
Calculated chemical shift index (CSI): The primary sequence of Jaw is shown along the
top, below which is the CSI for Ha, Ca and Cb per residue. The cartoon representation
of contiguous stretches correlates to the secondary structure elements beneath the CSI
prediction.
Figure 6.7: Example of comparison of NOE peak patterns between the bound and
apo form of Jaw. The NOE peaks for Ile28 Hg21 are shown in a strip representation. A
similar pattern of NOE peaks indicates the bound form of Jaw has a similar structural
geometry to its apo form in this region of the structure.
the interaction with Gp2.
6.3.4 Structure calculation
Calculation set-up
Structure calculations for the Gp2-Jaw complex were set-up using ARIA (ver-
sion 2.2) (Rieping et al., 2007). Backbone dihedral angle restraints were gener-
ated from TALOS+ (Shen et al., 2009) for Gp2 and Jaw separately (note: the
SEGID ﬁeld was used to discriminate the two components). Chemical shift
information for both Gp2 and Jaw were incorporated into a single shifts assign-
ment ﬁle; two sets of such ﬁles was prepared, one considering Gp2 as a labelled
segment (Jaw unlabelled) and vice versa. In a non-ﬁltered NOESY spectrum,
both NOEs from intra and inter molecular proton-proton interactions would
be recorded. In order for ARIA to match possible intermolecular NOEs, the
Carbon and Nitrogen shifts for the unlabelled segment were changed to 999
ppm, so that its proton resonances could be used to match the indirect Hydro-
gen. However, the Carbon/Nitrogen resonances would not be correlated (i.e.
considering it as unlabelled).
For the ﬁrst few runs, the direct proton tolerances for NOE assignment were
set between 0.05 and 0.08 ppm, indirect proton tolerances between 0.07 and 0.1
ppm and heteronuclear tolerances between 1.0 and 1.5 ppm for 15N-NOESY
and 13C-NOESY spectra respectively. In the ﬁnal run, the direct proton toler-
ances for NOE assignment were set between 0.03 and 0.05 ppm, indirect proton
tolerances between 0.05 and 0.08 ppm and heteronuclear tolerances between
0.5 and 1 ppm for 15N-NOESY and 13C-NOESY spectra respectively. The
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relatively large tolerances for the ﬁrst few runs would generate more possible
NOE assignments, which can largely oﬀset the issue with inaccurate peak pick-
ing. In addition, any potential intermolecular NOEs can be included in the
assignments. However, more manual input was required to conﬁrm the NOE
assignments after each run to avoid false restraints. This means also resulted
in a relatively larger number of ARIA calculations.
Interface residues were identiﬁed based upon the manual assignment of
intermolecular NOEs from 13C-ﬁltered NOESY-HSQC spectra (see Figure 6.8).
Such assignments were either incorporated ambiguously (i.e. atom to protein
or residue to protein) or unambiguously (i.e. atom to atom) into the structure
calculation and are summarised in Table 6.1.
CNS input parameters were implemented as default and employed a re-
strained molecular dynamics (torsion angle) protocol as used above (see Chap-
ter 4, section 4.4). A total of 8 iterative rounds of NOE assignment were per-
formed by ARIA generating 20 structures each round (with 6-8 of the lowest
energy structures used for NOE reﬁnement) between iteration 1 and 7. In the
ﬁnal round of NOE assignment (iteration 8), a total of 100 structures were gen-
erated and the 10 best (i.e. lowest energy) subject to a ﬁnal solvent reﬁnement
step in explicit water (Linge et al., 2003).
Calculation result: diﬃculties
Due to the diﬃculty of obtaining a high concentration of double labelled Gp2
complex (double labelled Gp2 with unlabelled Jaw), only one set of inter-
molecular NOE data was able to be recorded, i.e. intermolecular NOEs from
double labelled Jaw to unlabelled Gp2. The intermolecular proton resonances
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Figure 6.8: Identiﬁcation of interface residues using 13C-ﬁltered NOESY-HSQC spec-
tra: Jaw Lys18 (at the respective Ce plane), Lys23 (Ce), Met40 (Ce and Cg), Lys43
(Cg). The presence of NOEs in such an experiment conﬁrms that these residues exists
at the interface region with Gp2. Manual assignments of NOE crosspeaks based the
chemical shift lists of Gp2 further identiﬁes Leu40, Val54, Thr55, Val57 of Gp2 at the
interface, making intermolecular contacts with each other.
Jaw Gp2
Residue Atom Residue Atom
Lys23 He1 Val54 Hg11
Lys23 He2 Val54 Hg11
Lys23 He1 Thr55 Ha
Lys23 He2 Thr55 Ha
Lys18 He∗ Leu40 Hg
Lys18 He∗ Glu41 Hb∗
Lys18 He∗ Ambiguous Ambiguous
Met40 He1 Leu40 Ambiguous
Met40 He1 Leu40 Ambiguous
Met40 He1 Ambiguous Ambiguous
Met40 He1 Ambiguous Ambiguous
Met40 He1 Val57 Hg21
Thr20 Hg21 Ambiguous Ambiguous
Lys43 Hg1 Ambiguous Ambiguous
Met40 Hg∗ Val57 Hg21
Met40 Hg∗ Ambiguous Ambiguous
Glu38 Hb2 Val57 Hg21
Glu38 Hb2 Ambiguous Ambiguous
Table 6.1: Summary of intermolecular NOE restraints incorporated into the structure
calculation (as identiﬁed from the manual assignment of 13C-ﬁltered NOESY-HSQC
spectra). A combination of both unambiguous (i.e. atom to atom) and ambiguous (i.e.
atom to residue or protein) intermolecular NOE restraints were used.
of Gp2 could be obtained from the indirect proton dimension of the 13C-ﬁltered
NOESY-HSQC spectrum for Jaw complex. However, as there were no attached
carbon resonance information available for the proton, ambiguity arose for the
manual intermolecular assignment input on the Gp2 side. In the ﬁrst few ARIA
runs, no manually assigned intermolecular NOE was speciﬁed. Two types of
complex structures, which had the same binding interface but were rotated by
∼ 180◦ such that an anti-parallel b (see Figure 6.9, (a)) or parallel b sheets
(see Figure 6.9, (b)) was formed between the individual subunits.
The two types of structures were compared qualitatively. In general, the an-
tiparallel complex structure had more NOEs assigned unambiguously by ARIA
than the one with a parallel arrangement (see Table 6.2) with much smaller
number of NOE violations (44 compared with 71 for parallel structure). The
ARIA calculation for the parallel complex structure missed out some obvious
NOE assignments; such as intramolecular NOEs between Arg56 and Thr19,
Val54 and Glu41 of Gp2; Arg25 with Glu38, Met40 and Lys18 of Jaw. In
addition, the antiparallel structures had much lower overall energies compared
with the antiparallel ones (-34659 and -29208 respectively for the sum of over-
all energies of 10 calculated structures). Pair-wise RMSD for the two types of
structures with respect to various of aspects of conformer geometry were also
compared and shown in Table 6.3. The RMSD for the antiparallel structures
are generally smaller than that for the parallel structures. Overall, the parallel
structure likely adopted an unfavourable complex structure.
To resolve the issue, manual inspection of intermolecular NOEs were carried
out, which allowed the assignment of 9 intermolecular NOEs unambiguously.
Those NOEs with precise matching of both direct and indirect proton reso-
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Experimental Restraints Antiparallel Parallel
NOE-derived unambiguous
intra-residual 373 377
sequential 190 175
medium-range (2 ≤ |i-j| ≤ 5) 57 62
long-range (|i-j| > 5) 184 147
inter-molecular 26 16
NOE-derived unambiguous 830 777
NOE-derived ambiguous 663 628
TALOS -derived (f and y) 168 168
Total 1661 1573
Table 6.2: Comparison of initial experimental restraints for structure calculation of the
antiparallel and parallel complex structures. Summary of NOE-derived restraints (in-
cluding number and type) and TALOS-derived dihedral angle restraints. All statistics
obtained from ARIA and/or CNS.
nances, and providing a consistent binding interface were subjected to ﬁxed
manual assignments. With the speciﬁcation of intermolecular assignments as
listed in Table 6.1, a complex structure with an antiparallel b sheets arrange-
ment was consistently generated by ARIA. In the ﬁnal run, a total of 1056
unambiguous NOE assignments were achieved, which includes 50 intermolec-
ular NOE assignments, with no signiﬁcant violations greater than 0.5 Å.
Calculation result: statistics
After 68 ARIA runs, a total of 1532 NOEs were assigned. This comprises
1056 unambiguous and 476 ambiguous NOEs which corresponds to 13.3 NOE-
derived distance restraints per residue. There are 50 unambiguous and 39 am-
biguous intermolecular NOEs to deﬁne the binding interface of the complex.
In addition, 168 dihedral angle restraints generated by Talos+ with no signif-
icant violations greater than 5◦ were also incorporated into the calculation. A
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Figure 6.9: Cartoon representation of preliminary calculated structures for the com-
plex (images created in PyMol, DeLano Scientiﬁc). (a) Complex with an anti-parallel
b sheets, Gp2 is coloured in blue and Jaw is coloured in pink. (b) Complex with a
parallel b sheets, Gp2 is coloured in green and Jaw is coloured in yellow.
Comparison of General Stereochemical
Parameters
Antiparallel Parallel
RMSD from experimental restraints
Distance (Å) 0.029 ± 0.006 0.083 ± 0.04
Dihedral angle (◦) 2.533 ± 0.281 2.92 ± 0.43
RMSD from idealised covalent geometry
Bond (Å) 3.99 ± 1.42 4.46 ± 1.78
Bond angles (◦) 0.63 ± 2.12 0.69 ± 2.41
Improper angles (◦) 1.97 ± 0.16 2.32 ± 0.24
Coordinate RMSD (Å)
Backbone atoms in secondary structure 1.23 ± 0.11 1.57 ± 0.29
Heavy atoms in secondary structure 2.16 ± 0.27 2.16 ± 0.33
Table 6.3: Comparison of initial structural statistics of antiparallel and parallel struc-
tures including RMSD for various aspects of conformer geometry including the exper-
imental restraints, idealised covalent geometry and coordinate positions of secondary
structure. All statistics are obtained from ARIA.
total of 1700 experimental restraints were used for structure calculation (see
Table 6.4).
Pair-wise RMSD for the ﬁnal 10 structures (i.e. lowest energy and water
reﬁned) with respect to various of aspects of conformer geometry are shown
in Table 6.5. The experimental structure geometry was compared to the ideal
geometry. The small diﬀerences between the calculated and the ideal geom-
etry suggests that no signiﬁcant distortions from ideality are caused by the
restraints used. The backbone (HN, N, Ca, Ha, C', O) and heavy atoms of
each structure model of the ensemble are compared. Overall, the models were
reasonably well deﬁned with a backbone RMSD less than 1.5 Å (see Table
6.5). This relative larger backbone RMSD (compare with 0.12 and 0.22 for
the monomer structures Gp2 and Jaw respectively) is mainly due to more lim-
ited intermolecular distances restraints to characterise the relative positions of
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Experimental Restraints Complex
NOE-derived unambiguous
intra-residual 468
sequential 200
medium-range (2 ≤ |i-j| ≤ 5) 73
long-range (|i-j| > 5) 265
inter-molecular 50
NOE-derived unambiguous 1056
NOE-derived ambiguous 476
TALOS -derived (f and y) 168
Total 1700
Table 6.4: Experimental restraints for structural calculation of the complex structure.
Summary of NOE-derived restraints (including number and type) and TALOS-derived
dihedral angle restraints. There were no signiﬁcant NOE violations greater than 0.5 Å
(or dihedral angle violations greater than 5◦). |i-j| is the sequence separation between
the corresponding residues of two nuclei. All statistics obtained from ARIA and/or
CNS.
each molecule within the complex. In addition, only 146 unambiguous and 178
ambiguous intramolecular NOEs were assigned for Gp2, which corresponds to
only 5 NOE-derived restraints per residue. This is much less compared to the
16.2 NOEs per residue for the unbound Gp2.
6.3.5 Structural validation
The quality of the calculated Gp2-Jaw complex ensemble (i.e. 10 lowest energy
structures) was again assessed using the PSVS software suite.
Ramachandran plot
Backbone dihedral f and y angles were analysed by Ramachandran plot (Ra-
machandran et al., 1963) using ProCheck (Laskowski et al., 1993, 1996). Out
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General Stereochemical Parameters
RMSD from experimental restraints
Distance (Å) 0.023 ± 0.002
Dihedral angle (◦) 0.6 ± 0.06
RMSD from idealised covalent geometry
Bond (Å) 0.0036 ± 0.00007
Bond angles (◦) 0.54 ± 0.01
Improper angles (◦) 1.35 ± 0.06
Coordinate RMSD (Å)
Backbone atoms in secondary structure 1.21 ± 0.15
Heavy atoms in secondary structure 1.47 ± 0.15
Table 6.5: Structural statistics of ﬁnal calculated ensembles. RMSD for various as-
pects of conformer geometry including the experimental restraints, idealised covalent
geometry and coordinate positions of secondary structure. All statistics are obtained
from ARIA.
of all the residues of the 10 best structures of Jaw, 75.7% (765 residues out of
1010 non-Gly and non-Pro residues) fall into the most favoured regions (see
Table 6.6). Rising to 99.9% residues if including ones in additionally and gener-
ously allowed regions of the plot (see Appendix C.7.1 and C.8 for more details).
The average energy minimised structure was also submitted to ProCheck for
validation(see Appendix C.8.1 and C.8.2). No residue fell into the disallowed
region.
Val31 (Val11 in the actual sequence without the his-tag) located at the N-
terminal of Gp2 was found outside of the allowed regions in one of the models.
No NOE restraints or dihedral angles are violated for this residue based on the
available experimental data. It is not generally violated across all the models
(including the energy minimised structure) in the ensemble. However, a lack
of NOE restraints in the ﬂexible region might contribute to this result. Hence,
all backbone f and y angles in regions of secondary structure for both Gp2
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Plot Region
Number of
Residues
Percentage of
Residues
Non-Gly and non-Pro residues 1010
Most favoured 765 75.7%
Additional allowed 228 22.6%
Generously allowed 16 1.6%
Disallowed 1 0.1%
End residues 10
Gly residues 80
Pro residues 80
Total numbers of residues 1180
Table 6.6: Ramachandran plot statistics of Gp2-Jaw complex. More than 75% of
the non-Gly and non-Pro residues fell into the most favoured regions and 99.9% of the
residues were covered in the allowed regions.
and Jaw are acceptable.
Sidechain torsion angles
The sidechain torsion angles Chi-1 (q1) and Chi-2 (q2) are analysed as well us-
ing ProCheck for structure validation (see Section 4.5.2 for further deﬁnition).
In general, the majority of amino acids comprising both the Gp2 and Jaw
domain are within the favourable sidechain conformations. Only the sidechain
from amino acid residue Trp44 with G-factor score -3.27 adopts a signiﬁcantly
unfavourable conformation (see Appendix C.9). Again, all the structures of
the ensemble have good convergence with this torsion angle. Manual checking
of the restraints and assignments for this residue revealed no obvious errors no
violations were observed. In addition, the conformation of Trp44 in both apo
and bound state Jaw converge well with each other. This may suggest that
the residue may adopt this unfavourable conformation.
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Figure 6.10: View of the calculated structure ensemble for the Jaw-Gp2 complex. The
ﬁnal structure ensemble (individual models shown as ribbon traces of the Ca backbone)
for the Jaw (pink) - Gp2 (blue) complex comprising the 10 lowest energy structures
(images created in PyMol, DeLano Scientiﬁc).
6.3.6 Structural description
General folding of the complex
The Gp2-Jaw complex structure is a heterodimer consisting of one molecule of
Gp2 and one molecule of Jaw (see Figure 6.10 and 6.11 ). The secondary struc-
ture of Jaw domain comprises four b strands: Gly12-Gly17 (b1), Lys23-Thr29
(b2), Tyr37-Pro42 (b3) and Gly52-Val55(b4), which is essentially identical to
its apo form (RMSD between apo and bound states of Jaw, comparing used
energy minimised structures, is 1.356) (see Figure 6.12, (a)). The buried hy-
drophobic core is also essentially unchanged as suggested by the similar ring
current shift eﬀect on the Hg2 of Ile28 from Tyr37(see Figure 6.13, (a)).
The fold of bound Gp2 is also very similar to its apo form, which consists of
three b-strands packed against one a-helix and demonstrates a b1b2a1b3 topol-
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Figure 6.11: Cartoon representation of the Jaw-Gp2 complex structure. The Jaw
(pink) - Gp2 (blue) complex structure comprises a heterodimer of two separate (and
single) Jaw and Gp2 molecules. The docking of the Jaw domain to Gp2 extents the
shorter 3-stranded b-sheet to a 7-stranded b sheet in a classic anti-parallel arrangement
(images created in PyMol, DeLano Scientiﬁc).
ogy (see Figure 6.11). The hydrophobic core is similarly unchanged (RMSD
between apo and bound states of Gp2, comparing used energy minimised struc-
tures, is 2.239) (see Figure 6.12, (b)), where both possessed with the charac-
teristic ring current shift eﬀect on the Hg1 and Hg2 of Val20 (b3) (see Figure
6.13, (b)).
Although both Jaw and Gp2 in their complex form are very similar to their
respective unbound states (i.e. possess identical secondary structure content),
there are subtle diﬀerences in the length of speciﬁc b-strands, such as b2 of
Jaw, b3 of Gp2 and the a helix of Gp2. Such changes are accompanied by
(and therefore presumably arise from) additional intra- and/or inter-domain
contacts. Further diﬀerences in the associated loop/terminal regions are also
observed, which is resulted from a lack of NOE restraints available in these
regions, ultimately generating some poorly deﬁned ﬂexibility from structure
calculation.
The Jaw domain docks exclusively to one side of Gp2 and eﬀectively extends
the b-sheet of Gp2 (i.e. 3-stranded) to a 7-stranded b-sheets. The primary
interface region is localised to b3 (i.e. from Jaw) and b3 and a1 from Gp2 (see
Figure 6.11).
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(a) Structural comparison of the bound and unbound forms of Jaw
(b) Structural comparison of the bound and unbound forms of Gp2
Figure 6.12: (a) Structural comparison of the bound and unbound forms of Jaw (pink
= bound and magentas = unbound; RMSD = 1.356). (b) Structural comparison of the
bound and unbound forms of Gp2 (cyan = bound and blue = unbound; RMSD = 2.239).
The structures are highly similar but subtle diﬀerences in the length of individual b-
strands, a-helix and re-organisation of some loop regions is evident. (RMSD comparison
generated by PyMol, DeLano Scientiﬁc)
Figure 6.13: Cartoon representation of the Jaw-Gp2 complex structure. Jaw is shown
in pink and Gp2 is shown in blue. (a) The amino acids contribute to the core of Jaw
is shown as sticks and labelled respectively. (b) The amino acids contribute to the core
of Gp2 is shown as sticks and labelled respectively (images created in PyMol, DeLano
Scientiﬁc).
Surface electrostatic properties
Glu21, Glu44 and Glu53 from the NCS of Gp2 forms the major ionic contacts
with the positively charged surface of Jaw (formed by Lys18, Lys21, Lys23
and Arg25) (see Figure 6.14, (a)). Qualitative examination of the surface
electrostatic properties of the complex with PyMol revealed an extended patch
of negatively charges contributed by the rest residues from NCS of Gp2 (i.e.
Glu28, Glu34, Glu38, Asp37 and Glu41) and Glu9, Asp32, Glu37, Glu38,
Glu51, Glu53, Asp55 and Glu56 of Jaw (see Figure 6.14, (b)).
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(a) Major ionic contacts between Gp2 and Jaw
(b) Electrostatic surface representation of the Jaw-Gp2 complex structure
Figure 6.14: Surface electrostatic properties of Gp2-Jaw complex. (a) Part of the
NCS of Gp2 forms the major ionic contacts with Jaw. Gp2 is coloured in blue, Jaw is
coloured in pink. The residues contribute to the ionic interactions are shown as sticks.
The electrostatic surface of the unbound molecules superimposed with the complex
structure are shown on the right panel. (b) Electrostatic surface representation of the
Jaw-Gp2 complex structure. Negatively charged surface is shown in red and positively
charge surface is shown in blue. The backbone of the complex is shown as cartoon
representation below the surface. Jaw is shown in pink and Gp2 is shown in blue.
Residues from Jaw contributes to the extended NCS is labelled (images created in
PyMol, DeLano Scientiﬁc).
Analysis of the binding interface
A total of 26 residues (15 from Gp2 and 11 from Jaw) comprise the entire
structural interface region. Although there are multiple contacts between the
proteins, the major site of interaction is located at the b3 strand from Jaw and
a helix and b3 strand from Gp2, including residues Val54, Thr55, Arg56, Val57,
Arg58, Leu40 and Glu41 from Gp2 and Pro36, Tyr37, Glu38, Glu39 and Met40
from Jaw (see Figure 6.15). Apart from the major ionic contacts formed by
part of the NCS of Gp2 with the positively charged patch of Jaw (see Section
6.3.6, Figure 6.14), Arg56 and Arg58 of Gp2 located at the binding interface
also provide signiﬁcant ionic interactions with Jaw through its close proximity
to Glu39 (Glu1188 of E. coli RNAP b' subunit) of Jaw (see Figure 6.17). This is
in agreement with the previous mutagenesis studies, which demonstrated that
RNAP possessing a charge reversal point mutation at E1188K of b' confers
resistance to Gp2 (Nechaev and Severinov, 1999). Val54 and Val57 of Gp2
form major hydrophobic contacts with Met20 of Jaw at the binding interface
(see Figure 6.16, (a)). Another hydrophobic contact is formed by Leu40 of
Gp2 and Val27 of Jaw (see Figure 6.16, (b))
6.4 Conclusion
The complex structure of Gp2-Jaw has revealed an extended patch of b sheet
formed by seven anti-parallel b strands. It has also revealed a signiﬁcant
extended patch of negatively charged strip. Details about the interaction in-
terface are now available. Further structure docking of Gp2-Jaw complex to
structure of RNAP would allow the insight into relative position of Gp2 in
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Figure 6.15: Interaction interface of the Jaw-Gp2 complex. The major interaction
interface locates at b3 strand from Jaw, a helix and b3 strand from Gp2. Backbones
of Gp2 and Jaw are shown in cartoon representation and coloured by blue and pink
respectively. The residues locate at the interaction interface are shown as sticks and
labelled correspondingly (images created in PyMol, DeLano Scientiﬁc).
(a) Major hydrophobic contacts at the binding interface
of the complex
(b) Another hydrophobic contact between Gp2 and Jaw
Figure 6.16: The backbone of the complex is shown in cartoon representation with
Gp2 coloured in blue and Jaw coloured in pink. The residues involves in hydrophobic
contacts are shown in sticks. The major hydrophobic contacts formed by Val54, Val57
of Gp2 and Met20 is demonstrated in (a) and another minor one formed by Leu40 of
Gp2 and Val27 of Jaw is showing in (b).
Figure 6.17: Close view of Arg56 (Gp2), Arg58 (Gp2) and Glu39(Jaw) at the binding
interface. Backbones of Gp2 and Jaw are shown in cartoon representation and coloured
by blue and pink respectively. Distance between the sidechains are measured in Å and
shown as yellow dash lines with labels PyMol, DeLano Scientiﬁc).
respect of RNAP. The complex structure largely facilitates the understanding
of Gp2's inhibition mechanism.
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Chapter 7
Biological Studies Towards the
Understanding of the Inhibition
Mechanism
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7.1 Introduction
The regulation of bacterial RNAP activity is often accomplished by DNA-
binding transcription regulatory factors. The bacteriophage T7 Gp2 protein
is of special interest because it is a non-DNA-binding, potent inhibitor of E.
coli RNAP. Understanding the inhibition mechanism of Gp2 may lead to the
development of new antibiotics. The objective of this project was to gain the
ﬁrst structural insights into such a mechanism by primarily characterising the
solution structure Gp2. Further characterising the structure of Gp2's binding
target, E. coli RNAP b' subunit Jaw domain and the complex structure would
be of even greater beneﬁt for the elucidation of the mechanism.
7.2 Structure and biological studies of Gp2
The solution structure of Gp2 is comprised from three b-strands packed against
one a-helix. It revealed that there are three conserved residues (Glu28, Arg56
and Arg58) which are highly exposed on the surface. Another distinctive
feature for Gp2 is the negatively charged strip (NCS) running across one side of
the surface. The structural studies as well as recent biological studies (Camara
et al., 2010; Sheppard et al., 2011) may be applied for the understanding of
Gp2's inhibition mechanism.
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7.2.1 Identiﬁcation of residues important to Gp2's func-
tion
The biological studies based on alanine scanning of Gp2 have shown that a
number of mutants of Gp2 (Gp2F16A, Gp2I31A, Gp2G51A, Gp2F52A, Gp2V 54A,
Gp2V 57A, Gp2R56A and Gp2R58A) are deﬁcient in forming a complex with E.
coli RNAP and inhibiting transcription (Camara et al., 2010). Based on the
structure of Gp2, most of these residues, except R56 and R58, are located in
the core of Gp2 (see Figure 7.1, (a)), which may be important for the structural
integrity. Mutation on these residues to alanine may result in a destabilised
structure, thus reducing its ability to bind and inhibit RNAP. Further evidence
has been obtained by comparing the migration properties of wild type Gp2
(Gp2WT ) with these 6 Gp2 mutants (Gp2F16A, Gp2I31A, Gp2G51A, Gp2F52A,
Gp2V 54A and Gp2V 57A) (see Figure 7.1, (b)); the smeary bands corresponding
to the mutants indicate that they may be unfolded or partially unfolded. On
the other hand, both Arg56 and Arg58 are exposed on the surface and hence
mutating either of them should not aﬀect the structural integrity of Gp2. To
verify this, 1D spectra of both mutants were recorded and compared with that
for Gp2WT (see Figure 7.1, (c)). The 1d spectra demonstrates that Gp2R56A
and Gp2R58A still possess the same characteristic ring current shifted peaks as
Gp2WT and similarly dispersed resonances in the amide region, indicative of
a similarly-folded protein. It is thus concluded that Arg56 and Arg58 are two
principle determinants for the binding to and inhibition of E. coli RNAP.
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Figure 7.1: Gp2 mutants studies. (a) Cartoon representations of the Gp2 structure.
The 8 important residues identiﬁed from alanine scanning are shown as sticks. The 6
residues F16, I31, G51, F52, V54 and V57, which are located in the core of Gp2 are
labelled in green and the two conserved arginines R56 and R58 are labelled in red. (b)
Autoradiograph of a 4.5% (w/v) native gel showing the migration properties of 32P-
labelled versions of F16A, I31A, G51A, F52A, V54A, V57A Gp2 mutants and Gp2WT
(taken from Camara et al., 2010). (c) 1D spectra of Gp2WT and Gp2R56A and Gp2R58A
mutants, the ring current shifted methyls from V20 are expanded and labelled.
7.2.2 Studies of the NCS
The NCS of Gp2 is comprised of residues Glu21, Glu34, Asp37, Glu38, Glu41,
Glu44 and Glu53, located on the opposite site to Arg56 and Arg58, running
across the surface of the protein. The results based on the ﬂuorescence po-
larisation (FP) assay (Sheppard et al., 2011) on Gp2 NCS mutants, which
include Gp2MUT2 (D37A, E38A), Gp2MUT5 (E34S, D37A, E38S, E41A, E44S),
Gp2MUT6 (E34S, D37A, E38S, E41A, E44S, E53A), Gp2MUT7 (E21A, E34S,
D37A, E38S, E41A, E44S, E53A), have suggested that the replacement of the
negatively charged residues in the NCS had little detectable eﬀect on the aﬃn-
ity of Gp2 for RNAP. For further veriﬁcation, 1D spectra of the four mutants
were recorded and indicated that they are not structurally destabilised (see
Figure 7.4). In addition, 2D HSQC titration experiments between the NCS
mutants and Jaw were carried out. The protocol and the background theory
of an NMR titration experiment is described in detail in Chapter 6, section
3.7. A titration experiment between Gp2WT and Jaw domain was applied as
a positive control (see Figure 7.2). Signiﬁcantly shifted peaks are indicated
by red circles, which suggest interaction between Gp2WT and Jaw domain.
Results of titration experiments between Gp2 NCS mutants and Jaw domain
demonstrate that all four NCS mutants are still capable of binding to the Jaw
domain at equal molar ratio to Jaw (see Figure 7.3). Hence, the overall results
have suggested that the replacement of the negatively charged residues in the
NCS had little detectable eﬀect on the aﬃnity of Gp2 for RNAP. However,
a clear decrease has been shown in the eﬃciency of inhibition RNAP by Gp2
with the reduction of negative charges within the NCS region (Sheppard et al.,
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Figure 7.2: Titration experiment of Gp2WT and Jaw domain. The 2D 1H-15N HSQC
spectrum of 15N labelled Jaw is shown in black, while the HSQC spectrum for the
Gp2WT - Jaw complex is shown in red. Peaks with shifted locations or that disappeared
after titration are circled.
2011). Thus, the NCS on the opposite side of Arg56 and Arg58 is likely to be
important for Gp2's function as a transcription inhibitor.
7.3 Structural and biological studies of Jaw
The E. coli transcription system is the best characterised from a biochemical
and genetic point of view and has served as a model system. Nevertheless, a
molecular understanding of the details of E. coli transcription and its regula-
tion, and therefore its full exploitation as a model system, has been hampered
by the absence of high-resolution structural information on E. coli RNAP
(Opalka et al., 2010). In this project, the ﬁrst detailed structural insight of
E. coli RNAP b' Jaw domain is presented, which provides an extra piece of
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Figure 7.3: Titration experiment of Gp2MUT2 (D37A, E38A), Gp2MUT5 (E34S, D37A,
E38S, E41A, E44S), Gp2MUT6 (E34S, D37A, E38S, E41A, E44S, E53A), Gp2MUT7
(E21A, E34S, D37A, E38S, E41A, E44S, E53A) with Jaw domain. The 2D 1H-15N
HSQC spectrum of 15N labelled Jaw is shown in black, while the HSQC spectrum for
the Gp2MUT∗ - Jaw complex is shown in red. Peaks with shifted locations or that
disappeared after titration are circled.
Figure 7.4: The 1D 1H NMR spectra of Gp2. The boxed region is enlarged to show
the eﬀect of substitutions made in the mutagenesis studies on the ring-current shifted
methyl region below 0.5 ppm for Gp2WT and mutants. The ring current-shifted methyls
from V20 are indicated.
information for us to understand the structure of E. coli RNAP. This struc-
turally conserved, multifunctional domain is comprised from four antiparal-
lel b strands, with a prominent asymmetric distribution of positively charged
residues across the surface.
7.3.1 Identiﬁcation of Jaw-DNA interaction
It was suggested by previous studies that there is sequence-nonspeciﬁc interac-
tion between the Jaw domain and downstream DNA (Mekler et al., 2002; Ed-
erth, Artsimovitch, Isaksson and Landick, 2002). To test this, NMR titration
experiments were carried out between randomly generated unlabelled double
stranded DNA (dsDNA) and 15N labelled Jaw sample. 2D 1H-15N HSQC ex-
periments were used to monitor the backbone amide chemical shift changes in
Jaw upon addition of dsDNA oligonucleotides.
The protocol and the background theory of an NMR titration experiment
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is described in detail in Chapter 3, section 3.7. The 15N labelled sample of Jaw
was prepared in a similar fashion as to that previously described for structure
determination (see Chapter 5). The 14-basepair long DNA oligonucelotides
were synthesised by Eurogentec, with forward sequence (5'-3'): CAT-AAA-
TCA-CTG-CC and reverse sequence (5'-3'): GGC-AGT-GAT-TTA-TG. The
protein sample and dsDNA sample were prepared in the NMR buﬀer (see Ap-
pendix A.4) prior to titration. A 2D 1H-15N HSQC spectrum was recorded us-
ing the methods explained in previous sections at 303 K to obtain the apo Jaw
spectrum. Subsequently, a concentrated stock of dsDNA (3.5 mM) was gradu-
ally titrated into Jaw (with concentration at 25 ml) to a resulting dsDNA:Jaw
molar ratio of 4:1 and 20:1, and the 2D HSQCs were again measured. Spectra
were overlayed to determine any chemical shift changes compared to the apo
spectrum. The binding interface was mapped according to the chemical shift
changes.
Figure 7.5 shows overlays of HSQC spectra of uniformly 15N labelled Jaw
with and without ligand dsDNA. Speciﬁc shift changes were identiﬁed, based
on the shift changing pattern, the interaction between Jaw and dsDNA fell
into fast exchange regime, i.e. kex  |∆ν| (see Chapter 2 and Section 2.3.5 for
detail explanation), which exampled with the lack of saturation at high ligand
concentration and indicates a weak binding between Jaw and dsDNA.
7.3.2 Characterisation of the DNA binding interface
The combined backbone amide chemical shift changes (∆δ(15N +1 HN)) of
Jaw due to the binding of dsDNA oligonucleotides are plotted as histograms
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Figure 7.5: (a) Overlay of 1H-15N HSQC of Jaw with and without dsDNA recorded at
pH 6.5, 303 K. The spectrum of apo Jaw is shown in black. The spectra of Jaw+DNA in
1:4 and 1:20 molar ratio are shown in red and blue respectively. Peaks with signiﬁcant
chemical shift diﬀerences are indicated with their residue numbers. The centre of the
spectrum is enlarged and shown in Figure (b).
(see Figure 7.6). The absolute value of 15N and 1HN chemical shift changes
are combined using the equation: ∆δ(15N +1 HN) = 1/4 |∆δ15N | + |∆δ1HN |.
The correction factor for 15N chemical shift changes is to average the chemical
shift changes between Nitrogen and Proton dimensions (Wishart et al., 1991a;
Williamson et al., 1997). It is worth noting that apart from the perturbation
in the environment of backbone amides, perturbations of connected side-chains
to the amide groups could also cause chemical shift changes. In addition, the
shift changes may also be induced by conformational changes on site distal to
the binding interface induced by the ligand binding; this can complicate the
location of the binding site. In order to get proper delineation of the binding
surface, emphasis was placed on large chemical shift changes and perturbed
amides that fell into concerted, surface-exposed patches. Figure 7.7 demon-
strates the structure mapping of the chemical shift pattern obtained with the
dsDNA oligonucleotides binding. The majority of residues (Met40, Arg25,
Thr20) perturbed occur on the surface of the b-sheet. On the other side of the
surface, two residues, Phe50 and Asn48, are also signiﬁcantly perturbed upon
dsDNA binding. However, these residues do not form a concerted patch with
the majority of the perturbed residues and most likely arose due to propagation
of conformational changes at the binding interface induced by DNA binding.
In particular, any small conformational change of the aromatic sidechain of
Phe50 could induce large shift changes in itself and its neighbouring residue
such as Asn48. Comparing the protein surface labelled with perturbed residues
upon DNA binding to its electrostatic surface (see Figure 7.7, top and bottom
panels), the binding interface is in proximity of the highly positively charged
surface of the protein, which may provide electrostatic interaction to the neg-
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Figure 7.6: Combined chemical shift perturbation (∆δ) of the backbone 15N and 1HN
resonances of Jaw upon binding of dsDNA.
atively charged DNA.
7.3.3 Validation of Jaw-DNA model
The titration experiments provide the ﬁrst set of experimental data to char-
acterise the possible binding interface between the RNAP Jaw domain and
downstream DNA. By superimposing the structure of Jaw domain on the com-
plete atomic structural model of E. coli RNAP (PDB: 3LUO), which is built
based on a combination approaches, including high-resolution X-ray crystallog-
raphy, ab initio structural prediction, homology modeling, and single-particle
cryo-electron microscopy (Opalka et al., 2010). As expected, the proposed
dsDNA binding site is facing the downstream DNA binding channel, and the
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Figure 7.7: Chemical shift diﬀerences mapped on the surface of Jaw upon dsDNA
interaction with Jaw. Two orientations of the protein are presented. The chemical
shift diﬀerences are mapped on the surface (top panel) as well as shown on the ribbon
representation (middle panel). The residues with ∆δ<0.1 are in white, residues with
0.2<∆δ<0.3 are in pink and residues ∆δ > 0.3 are coloured in red. The electrostatic
surface of Jaw is shown in the bottom panel. The proposed DNA binding interface of
Jaw are indicated by circles in the top and bottom panels.
downstream dsDNA (see Figure 7.8). The dsDNA is mapped in based on the
20 Å electron microscopy structure of an intact E. coli activator-dependent
transcription initiation complex (PDB: 3IYD, Hudson et al., 2009).
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Figure 7.8: (a) Superimposition of Jaw onto the core E. coli RNAP structure (PDB:
3LUO, Opalka et al., 2010). RNAP subunits are coloured correspondingly: b, magenta;
b', cyan; aI and aII, green and yellow. The dsDNA is coloured orange, it is mapped in
based on the structure of transcription initiation complex (PDB: 3IYD, Hudson et al.,
2009). The surface of Jaw is shown in white with the proposed dsDNA binding interface
coloured in red or pink (the deeper the colour, the larger chemical shift changes upon
dsDNA titration). (b) shows an expansion of the region indicated.
7.4 Structure and biological studies of Jaw-Gp2
complex
Successfully solving the structure of Jaw-Gp2 complex by NMR spectroscopy
was more challenging. The complex is double the size of the unbound monomer,
which gives rise to a shorter T2 and thus poorer signal to noise ratio. This was
further exacerbated by the concentration of the sample. The assignment of the
spectra relied on extensive manual input. The solution structure of Jaw-Gp2
complex has revealed an extended patch of b sheets which is comprised from
seven anti-parallel b strands (three b strands from Gp2 and four from Jaw).
7.4.1 Relationship between Gp2, Jaw and dsDNA
Based on the structure of the complex and the binding interface mapping
of the interaction between Jaw and dsDNA (see Section 7.3), the binding
sites of Gp2 and dsDNA on Jaw partially overlap with each other (see Figure
7.9). A competition titration experiment was thus carried out to validate the
structure and the hypothesis. If Gp2 and dsDNA share an overlapping binding
site, more concentrated Gp2 is needed to form a Gp2-Jaw complex due to the
competition eﬀect with dsDNA. On the other hand, if the binding sites do not
overlap, binding of dsDNA would not aﬀect the binding of Gp2 to Jaw.
Unlabelled Gp2 was gradually titrated into a sample of 15N Jaw-dsDNA
complex, where the dsDNA was in 20 molar excess of Jaw; the 2D HSQC
spectra were subsequently measured. Both unlabelled Gp2 and Jaw-dsDNA
sample were in the same NMR buﬀer (see Appendix A.4). 2D 1H-15N HSQC
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Figure 7.9: Comparison of Gp2 and dsDNA binding sites on Jaw. Top panel: the
structure of unbound Jaw and the complex are shown in cartoon representation. In the
complex structure, Gp2 is coloured in blue and Jaw is coloured in pink. The unbound
Jaw is coloured in white with the residues in proximity to the binding site of dsDNA
showing in red or pink (the larger chemical shift change upon titration of dsDNA, the
dark the colour). Bottom panel, showing the surface of Jaw, the binding site of dsDNA
is coloured in red or pink.
spectra were recorded for unbound Jaw and Jaw+dsDNA complex prior to the
Gp2 titration.
Most peaks for Jaw-dsDNA complex disappeared when two molar ratio (i.e.
to Jaw) of Gp2 was titrated into the sample (see Figure 7.10, (a)), indicating
an intermediate exchange (i.e. kex ∼ |∆ν|). Gp2 only started to regain its
characteristic Jaw bound spectrum at about 6:1 (Gp2:Jaw) molar ratio in the
presence of 20 molar excess (i.e. to Jaw) of dsDNA (see Figure 7.10, (b)). In
the absence of dsDNA, the saturation of the Jaw binding site by Gp2 only
required equimolar Gp2.
As a reverse experiment, dsDNA was gradually titrated into Jaw-Gp2 (i.e.
molar ratio 1:1) complex. In line with the experiment above, only very minor
shift changes could be observed when dsDNA is at 20 molar excess to Jaw (see
Figure 7.11). This also conﬁrms that Gp2 and dsDNA share an overlapping
binding site on Jaw.
7.4.2 Building a structural model of RNAP-Gp2 complex
Based on the structure of the complex and the results from the dsDNA com-
petition titration experiment, Gp2 and dsDNA share an overlapped/partially
overlapped binding site. As Jaw has higher binding aﬃnity for Gp2 than for
dsDNA, binding of Gp2 may block the interaction between dsDNA and Jaw.
The structural model of RNAP-Gp2 complex (see Figure 7.12) built by super-
imposing the Jaw-Gp2 structure onto the structure of E. coli RNAP (Opalka
et al., 2010), as described in Section 7.3 is in consistent with this hypothesis.
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(a) Spectra of Jaw+dsDNA with or without unlabelled
Gp2, Gp2:Jaw=2:1
(b) Spectra of Jaw+dsDNA with or without unlabelled
Gp2, Gp2:Jaw=6:1
Figure 7.10: 2D 1H-15N HSQC spectra of Jaw+dsDNA (i.e. Jaw is 15N labelled)
with or without unlabelled Gp2. (a) Black, spectrum of Jaw-dsDNA, concentration of
Jaw:dsDNA=1:20. Red, spectrum of Jaw-dsDNA with unlabelled Gp2, concentration
of Jaw:dsDNA:Gp2=1:20:2. (b) Black and red spectra as in (a). Blue, spectrum of
Jaw+dsDNA with unlabelled Gp2, concentration of Jaw:dsDNA:Gp2=1:20:6. Green,
spectrum of Jaw-Gp2, without dsDNA, concentration of Jaw:Gp2=1:1.
Figure 7.11: Overlayed 2D 1H-15N HSQC spectra of Jaw-Gp2 complex (i.e. Jaw
is 15N labelled) with or without dsDNA. Black, spectrum of Jaw-Gp2 complex
without dsDNA. Red, spectrum of Jaw-Gp2 complex with dsDNA, molar ratio of
Jaw:Gp2:dsDNA=1:1:10. Blue, molar ratio of Jaw:Gp2:dsDNA=1:1:20.
Figure 7.12: Structure model of RNAP-Gp2 complex based on superimposition of
Jaw-Gp2 complex onto the core E. coli RNAP structure model (PDB: 3LU0, Opalka
et al., 2010), shown as a surface representation. RNAP subunits are coloured in grey.
Jaw is shown in pink and Gp2 is shown in blue. The DNA is shown in orange. Apart
from Jaw, other components comprising the downstream-DBC are indicated by dotted
circles. Figure (a) demonstrates RNAP without Gp2 and (b) demonstrates the binding
of Gp2 may block the interaction between Jaw and downstream duplex DNA.
7.4.3 Analysis of the model
Electrostatic surface of the Jaw-Gp2 complex
In the structure model, the NCS of Gp2 is not projected into the downstream-
DBC (see Figure 7.13, (a)). It actually forms an extended patch of negatively
charged surface with Jaw and faces the opposite side of the downstream-DBC,
as shown in Figure 7.13, (b). The signiﬁcant charged surface may provide
other electrostatic interactions or repulsions between Gp2 and RNAP.
Other possible binding sites of Gp2
The dissociation constant of interaction between Gp2 and Jaw was determined
to be within micromolar range (Kd= ∼ 1 mM) by ITC. However, the dissoci-
ation constant of interaction between Gp2 and E. coli RNAP is within the
nanomolar range (B. Camara, personal communication). This diﬀerence may
reﬂect that in addition to Jaw, there are other possible binding sites on E. coli
RNAP for Gp2.
Based on the model, in addition to Jaw, Gp2 is in proximity to the b'
G region nonconserved domain (GNCD) and b subunit downstream lobe (see
Figure 7.14). The GNCD of E. coli is a large non-conserved domain in the
middle of conserved region G (between regions G and G') (see Figure 7.15).
It is not required for basic RNAP function, since it is missing in b' homologs
of many organisms, indicating that it must be structurally autonomous to
accommodate such large deletions or insertions without disturbing the critical
structure and function of the RNAP enzyme (Chlenov et al., 2005). However,
in E. coli RNAP, the GNCD forms part of the downstream DNA binding
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(a) Structure model of RNAP-Gp2 complex, the NCS is indi-
cated in red
(b) Structure model of RNAP-Gp2 complex, the Jaw-Gp2 is
shown as electrostatic surface representation
Figure 7.13: Structure model of RNAP-Gp2 complex based on superimposition of
Jaw-Gp2 complex onto the core E. coli RNAP structure model (PDB: 3LUO, Opalka
et al., 2010), shown as a cartoon representation. RNAP subunits are coloured in grey.
The DNA is shown in orange. (a) Jaw-Gp2 complex is shown as surface representation.
Jaw is coloured in pink and Gp2 is coloured in blue. The NCS of Gp2 is indicated
in red. (b) Jaw-Gp2 complex is shown as an electrostatic surface representation. The
negative charges contributed by Gp2 and Jaw are labelled.
channel (Camara et al., 2010). In addition, the phosphorylation of Thr1068 in
this domain by Gp0.7 cooperates with Gp2 to inhibit transcription (Nechaev
and Severinov, 2003). The b downstream lobe is also very important for the
network of protein-downstream duplex DNA (contacts made at +5 to +8)
interactions (Darst et al., 2002; Cramer et al., 2001; Gnatt et al., 2001). It is
not surprising that these two domain may also contribute to the interaction
with Gp2.
The E. coli GNCD structure comprises two tandem repeats of the sandwich-
barrel hybrid motif (SBHM) fold (see Figure 7.16, (a), Chlenov et al., 2005;
Iyer et al., 2003). Examination of the electrostatic charge distribution around
the accessible surface of this domain revealed a profound asymmetry, with a
predominantly basic surface facing the downstream DBC (see Figure 7.16, (b),
Chlenov et al., 2005). In the structural model, SBHMb of GNCD essentially
extends the channel accommodating the downstream duplex DNA; the basic
surface of the SBHMb may thus provide functional interaction with down-
stream duplex DNA (see Figure 7.16, (c), (Chlenov et al., 2005)). In addition,
it has been revealed that SBHMa has variability in the position of SBHMb
corresponding to a hinge-like rotation of roughly 15 ◦ (Chlenov et al., 2005).
The Jaw domain is straddled in the crevice between SBHMa and SBHMb.
Binding of Gp2 may block the interaction between GNCD and downstream
duplex DNA, it could also lock the conformation of SBHMa and SBHMb of
GNCD, thus disfavouring transcription (see Figure 7.17, (a)). Based on the
structural model, the binding of Gp2 may also block the protein-dsDNA in-
teraction between the b downstream lobe and downstream DNA. In addition,
loop1 of Gp2 (comprised of Ser22, Ser23, Glu24 and His25) protrudes into the
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Figure 7.14: Top panel: Model of RNAP-Gp2 complex, shown as a cartoon represen-
tation. RNAP subunits are coloured in grey except the b' GNCD domain is coloured
in green and the b subunit downstream-DBC lobe is coloured in red. Jaw is shown in
pink and Gp2 is shown in blue. The DNA is shown in orange. Bottom panel, same as
for top panel except as a surface representation.
Figure 7.15: Sequence architecture of E. coli RNAP b' subunit. The blue bars repre-
sented the primary sequences of the RNAP b' subunit. Orange lettered boxes indicate
sequence segments conserved from bacteria to man (Sweetser et al., 1987; Jokerst et al.,
1989). The E. coli b' GNCD insertion is shown as pale yellow box and labelled respec-
tively. The target sites for Gp0.7 and Gp2 are indicated.
b downstream lobe (see Figure 7.17, (b)), which may lock the conformation of
Jaw, GNCD and downstream lobe, potentially disfavouring transcription.
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Figure 7.16: Structural details of E. coli b' GNCD insertion. (a) Cartoon represen-
tation of the structure of GNCD, which comprises from two SBHM domains. SBHMa
is coloured in orange except for a large insertion speciﬁc to E. coli coloured in red.
SBHMb is coloured in yellow and the two large insertions are coloured in green and
blue. The side-chain of Thr1068, which is phosphorylated by bacteriophage T7 Gp0.7
is shown. (b) Two views of GNCD showing opposite faces of the structure. The elec-
trostatic surface of the molecule is shown, blue indicates positively charged surface and
red indicates negatively charged surface. (c) Ternary elongation complex model (Opalka
et al., 2003; Korzheva et al., 2000) with GNCD. The RNAP is shown as a molecular
surface and colour coded as follows: aI, aII, and w subunits, grey; b, cyan; b' pink.
The DNA is shown in green. The modelled position of GNCD domain is shown, with
SBHMa and b represented as orange and yellow spheres, respectively. Figure taken
from Chlenov et al., 2005.
(a) Possible interactions between Gp2 and E. coli RNAP b' GNCD
(b) Possible interactions between Gp2 and E. coli RNAP b downstream lobe
Figure 7.17: Details of possible interactions between Gp2 and RNAP. The backbone
of Jaw-Gp2 complex is shown in cartoon representation. The major RNAP is shown
in ribbon representation and coloured in grey. In Jaw-Gp2 complex, Jaw is coloured
in pink and Gp2 is coloured in blue. (a) The SBHMa of GNCD is coloured in orange,
the SBHMb is coloured in yellow. The basic residues on SBHMb which are facing the
downstream DBC (including Arg1036, Arg1067, Lys1072, Lys1079 and Lys1104) are
shown as cyan spheres. Thr1068 is shown as magenta spheres. (b) The b downstream
lobe is coloured in red. The loop of Gp2 which protrudes into the downstream lobe is
shown as green spheres.
7.5 Perspectives: insights into the mechanisms
of inhibition of RNAP by Gp2
The mutagenesis studies of Gp2 ﬁrstly revealed that Arg56 and Arg58 are the
functional determinants of Gp2 for interaction and inhibition E. coli RNAP
catalysed transcription (Camara et al., 2010). This is consistent with the com-
plex structure, in which both of the arginines are in proximity to the binding
interface. Titration experiments suggested that Gp2 and dsDNA share an
overlapping binding site on Jaw. The interaction aﬃnity of Gp2 is higher than
that of DNA; binding of Gp2 may thus block the interaction between Jaw and
downstream DNA. The overall biological studies into the NCS suggested that
the NCS in Gp2 antagonises protein-protein and/or protein-DNA interactions
that occur en route to the RPo (Sheppard et al., 2011). Our structural model
of RNAP in complex with Gp2 suggests that Gp2 is located near the down-
stream DBC and is surrounded by structurally ﬂexible domains of the E. coli
RNAP (b' Jaw domain, b' GNCD and b downstream lobe). Other possible
binding sites between RNAP and Gp2 could be present. Based on the model,
the NCS of Gp2 faces the basic residues located on the SBHMb domain of
b' GNCD, which may block possible interactions between GNCD and down-
stream DNA as well as locking the conformation of the downstream DBC to
disfavours RPo formation.
Two mechanisms, not necessarily mutually exclusive, can be proposed here
by which Gp2 might inhibit RPo formation:
- Mechanism 1 Binding of Gp2 blocks the interaction between b' Jaw
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domain and downstream DNA. Electrostatic interactions between the
NCS and positively charged surface of the b' GNCD and possible inter-
actions of Gp2 with the b' downstream lobe could "lock" RNAP in a
conformation unfavourable for RPo formation.
- Mechanism 2 The NCS could electrostatically antagonise interactions
between the downstream DBC and the duplex downstream DNA, which
is an essential step for RPo formation and stability. This mechanism is
less likely based on our structural model.
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Chapter 8
Future Perspectives
A structural model of Gp2 in complex with E. coli RNAP was built based on
the structure of Gp2, Jaw domain, and the complex structure of these two.
Other possible binding sites for Gp2 and possible inhibition mechanisms have
been proposed based on this. Work is thus still necessary to further elucidate
the inhibition mechanism.
Due to time restrains, the possible interactions between b' GNCD, b down-
stream lobe and Gp2 (discussed in Chapter 7 and Section 7.4.3) have not yet
been studied in detail. Possible interactions could be identiﬁed by pull-down
assay or/and NMR titration experiments. Some preliminary NMR titration ex-
periments have thus been carried out between 15N labelled samples of GNCD,
GNCD-Jaw (GNCD and Jaw domains linked through a 12 amino acid linker:
TGSTGSTGSTGS) and downstream lobe with unlabelled Gp2. The 1D spec-
tra of these constructs suggested that GNCD, GNCD-Jaw and lobe domain
were folded into tertiary structures (see Figure 8.1).
The 2D 1H-15N HSQC of GNCD-Jaw construct suggested that the GNCD
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Figure 8.1: 1D spectra of 15N labelled samples of lobe (a), GNCD (b) and GNCD-Jaw
(c) domains suggested they were folded.
domain and Jaw domain have relatively independent molecular motion (i.e no
inter-domain interactions) based on the fact that no signiﬁcant shifted peaks
were identiﬁed for the Jaw domain (see Figure 8.2). In addition, the prelim-
inary results from titration experiments between GNCD-Jaw and Gp2 (see
Figure 8.3) as well as GNCD and Gp2 (see Figure 8.4) suggested that there
was no interaction between GNCD domain and Gp2, which is in contrast to
the hypothesised binding site described in Chapter 7 and Section 7.4.3. This
could be due to the Gp2-RNAP complex model, which is based on a structural
model of E. coli RNAP, which itself is a homology model of Taq RNAP. The
GNCD domain of E. coli RNAP is absent from Taq RNAP, thus the model
may not reﬂect a true structure. The relationship between the GNCD domain
and other domains of RNAP forming the downstream DNA binding channel
as well as downstream DNA is intriguing to study and should be revisited in
the future.
Interestingly, speciﬁc peak shifts identiﬁed upon titration of unlabelled Gp2
into 15N labelled lobe suggested a weak interaction between Gp2 and the b
downstream lobe (see Figure 8.5). Due to the small shifts observed at 6 molar
excess of Gp2, other biophysical methods such as pull down assays, further
NMR titration experiments and/or ITC would be desirable to further validate
the results from NMR titration experiments as well as to study the interactions
quantitatively. If conﬁrmed, backbone assignment of b downstream lobe would
be useful for mapping the Gp2 binding interface. In addition, further NMR
titration experiments between unlabelled lobe and 15N labelled Gp2 will be
required to map the possible binding interface on the Gp2 based on the existing
resonance assignments of Gp2. Locating the binding interface on both lobe and
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Figure 8.2: Overlayed 2D 1H-15N HSQC spectra of 15N labelled Jaw domain (black)
and GNCD-Jaw domain (Red).
Figure 8.3: Overlayed 2D 1H-15N HSQC spectra of 15N labelled Jaw domain (black),
GNCD-Jaw domain (Red) and GNCD-Jaw with six molar excess of unlabelled Gp2
titration (Blue).
Figure 8.4: Overlayed 2D 1H-15N HSQC spectra of 15N labelled GNCD domain (black)
and that with unlabelled Gp2 titration (red), the molar ratio of GNCD:Gp2=1:6.
Gp2 will largely facilitate the understanding of mechanism as well as validate
the orientation of Gp2 in context of the complex with RNAP. This could also
guide testing in native complex by mutagenesis.
Determining the experimental complex structure of Gp2 and E. coli RNAP
would greatly beneﬁt the understanding of Gp2's inhibition mechanism. This
has yet to be achieved, limited by the technology available. Application of
NMR spectroscopy to structure determination is generally limited to relatively
small proteins, e.g under 50 KDa (Mittermaier and Kay, 2006). Large pro-
tein structures such as E. coli RNAP are not possible by routine methods.
Diﬃculties have been encountered during the process of crystalising E. coli
RNAP (Opalka et al., 2010), possibly due to potential dynamics and ﬂexibil-
ity between the subunits. As it was proposed, binding of Gp2 to RNAP may
"lock" the conformation in such status which disfavours transcription initia-
tion. This locking mechanism of Gp2 may beneﬁt the crystallisation of the
Gp2-RNAP complex. In the absence of this, interactions of large molecules
with their ligands can be studied by NMR spectroscopy by the application
of methyl TROSY (Transverse Relaxation Optimised SpectroscopY) in com-
bination with selective isotope labelling. For such a sample, only the methyl
groups of selected residues (i.e isoleucine, leucine, valine (Sprangers and Kay,
2007) and alanine (Isaacson et al., 2007)) in RNAP would be protonated in an
otherwise highly deuterated environment. This method has been successfully
applied for analysing the functionally important motions and interactions of
very large proteins up to a megadalton by NMR (Sprangers and Kay, 2007;
Isaacson et al., 2007).
It is important to understand the inhibition by Gp2, not just for under-
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Figure 8.5: (a) Overlay of 1H-15N HSQC spectra of 15N labelled b downstream lobe
with and without unlabelled Gp2 recorded at pH 6.5, 303 K. The spectrum of apo lobe
is shown in black. The spectra of lobe+Gp2 in 1:1.5 and 1:6 molar ratios are shown in
red and blue respectively. An expansion is shown in Figure (b). Some apparent peak
shifts are indicated.
standing a novel type of transcription inhibition mechanism, but also to apply
it for new antibiotic therapies. RNAP has been used an important target for
broad-spectrum antibacterial therapy and for anti-tuberculosis therapy. Ac-
cording to the structural model of the Gp2-RNAP complex, the binding site
of Gp2 is distal to the catalytic cleft, which does not overlap with the binding
site of the antibiotic Rifamycin. The inhibition mechanism of Gp2 may thus
open up a new route for the development of RNAP targeted antibiotics.
NMR spectroscopy is a very powerful tool, not just in structural charac-
terisation, but also in the studying of interactions between components. The
eﬀectiveness of NMR has been successfully demonstrated in this project. From
the structural determination of Gp2 to the hypothesis of the mode of transcrip-
tion inhibition, NMR is utilised strategically and logically to interlink various
pieces of information together. Such advance in understanding could not be
achieved with the sole application of other interaction characterisation tech-
niques (e.g. ITC, pull down assay).
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Appendices
I
Appendix A
Laboratory Reaction Reagents and
Recipes
II
A.1 SDS-PAGE gel ingredients
Gel buﬀer
- 72.66 g Tris-base, pH 8.45
- 0.6 g SDS
- 200 ml H2O
Separating gel (12%)
- 10 ml gel buﬀer
- 7.2 ml 40% acrylamide/bis-acrylamide solution
- 4.1 ml H2O
- 100 ml ammonium persulfate (APS)
- 25 ml N,N,N',N'-tetramethylethylenediamine (TEMED)
- 6.7 ml glycerol (50% w/v)
Stacking gel (4%)
- 4 ml gel buﬀer
- 1 ml 40% acrylamide/bis-acrylamide solution
- 6.95 ml H2O
- 40 ml ammonium persulfate (APS)
- 10 ml N,N,N',N'-tetramethylethylenediamine (TEMED)
III
Sample buﬀer
- 0.09 M Tris-HCl, pH 6.8
- 20% glycerol
- 2% SDS
- 0.02% bromophenol blue
- 0.1 M DTT (Dithiothreitol)
A.2 General buﬀer recipes
Lysogeny broth (LB) media
per litre
- 10 g tryptone
- 5 g yeast extract
- 5 g NaCl
Lysogeny broth (LB) agar
per litre
- 1 litre LB media
- 15 g agar
Minimal (M9) media
per litre
Adjust pH to 7.0 and autoclave
- 6 g Na2HPO4
- 3 g KH2PO4
- 0.5 g NaCl
IV
Filter-sterilise (0.2 mm pore size)
- 2 ml MgSO4 (1 M)
- 10 ml CaCl2 (1 M)
- 1 ml FeSO4 (0.01 M)
- 1 ml vitamin stock (1000X)
- 1 ml trace metals (1000X)
- 0.7 g 15NH4Cl
- 2 g 13C6H12O6
Kanamycin
- 50 mg/ml in ddH2O
Filter-sterilise (0.2 mm pore size), store in aliquots at -20 ◦C
A.3 Protein puriﬁcation buﬀers
Component Binding A Binding B Elution
NaH2PO4, pH 8.0 (mM ) 25 25 25
NaCl (mM ) 500 500 500
Imidazole (mM ) 50 20 250
Ni-NTA native puriﬁcation
V
A.4 NMR buﬀer
Component
Concentration
mM
NaH2PO4, pH 6.5 10
NaCl 50
Dithiothreitol (DTT) 10
NMR buﬀer, 10% v/v D2O need to be added before recording NMR data
VI
Appendix B
Resonance Assignments
VII
B.1 Complete resonance assignments of T7 Gp2
Residue N C Ca Cb Other
G13 173.762 45.446
L14 121.305 55.213 42.733
V15 118.535 59.012 104.115
T26 175.268 61.958 69.399
G27 110.926 174.247 45.601 (3.968, ∗)
S28 115.573 174.479 58.547 (4.399) 64.128
L29 123.647 177.217 55.213 (4.374) 42.423 (1.621, ∗) Cg, 96.951 (1.616); Cd1 , 93.391(∗);
Cd2 , 94.983(∗);
S30 116.456 174.788 57.927 (4.461) 63.896
V31 121.01 175.655 62.106 (4.155) 102.594 (2.103) Cg1 , 90.112(∗); Cg2 , 91.142(∗);
D32 122.845 175.762 54.438 (4.639) 41.183 (2.725, ∗)
N33 118.79 175.763 53.457 (4.616) 109.240 (2.731, ∗)
K34 121.903 173.412 55.679 (4.442) 103.883 (1.748, ∗) Cg, 95.200 (1.400, ∗); Cd, 99.114
(1.697, ∗); Ce, 42.238 (3.044, ∗);
K35 119.485 174.232 55.601 (4.204) 104.834 (1.442, ∗) Cg, 94.983 (0.470, ∗); Cd, 99.950
(1.431, ∗); Ce, 41.703 (2.487, ∗);
F36 124.607 173.799 56.144 (4.698) 42.578 (2.650, ∗) Cd1 , 61.357 (6.805); Cd2 , 61.357
(6.805); Ce1 , 60.810 (7.126); Ce2 ,
60.810 (7.126); Cz, 58.623 (6.874);
W37 118.251 176.521 55.187 (5.310) 101.866 (2.863, ∗) Cd1 , 55.342 (6.747); Ce3 , 49.875
(7.174); Ch2 , 53.800 (7.190); Cz2 ,
43.861 (7.448); Cz3, 50.900 (6.920);
Ne1 , 128.648 (10.276);
A38 129.116 175.747 49.815 (5.412) 90.576
T39 121.317 172.515 63.276 (4.603) 69.089 (3.963) Cg2 , 91.329(∗);
V40 125.605 174.587 59.632 (4.803) 102.643 (0.787) Cg1 , 89.536(∗); Cg2 , 92.173(∗);
E41 120.76 176.103 55.446 (5.446) 104.324 (2.123, ∗) Cg, 106.873 (2.149, ∗);
S42 120.084 174.541 56.144 (5.029) 66.531 (4.159, ∗)
S43 114.802 175.175 60.967 (4.222) 62.764 (3.967, ∗)
E44 116.853 175.562 56.996 (4.356) 101.867 (1.822, ∗) Cg, 106.418 (2.130, ∗);
H45 117.103 173.443 55.601 (5.050) 104.426 (3.179, ∗) Cd2 , 49.871 (7.067);
S46 115.769 173.087 57.229 (5.406) 65.213 (3.723, ∗)
F47 121.328 172.376 55.865 (4.936) 40.563 (3.241, ∗) Cd1 , 61.903 (6.795); Cd2 , 61.903
(6.795);
E48 118.106 176.737 54.593 (5.639) 103.030 (1.886, ∗) Cg, 107.259 (2.172, ∗);
V49 118.225 172.886 57.462 (5.160) 34.516 (2.227) Cg1 , 19.041(∗); Cg2 , 21.682(∗);
P50 175.979 61.469 (4.640) 101.593 (1.244, ∗) Cg, 96.654 (2.205, ∗); Cd, 50.451
(3.898, ∗);
I51 122.882 174.263 58.392 (4.323) 40.794 (1.654) Cg1 , 97.200 (1.491, ∗); Cg2 ,
88.299(∗); Cd1 , 80.701(∗);
Y52 126.275 175.005 57.074 (5.441) 108.922 (2.801, ∗) Cd1 , 63.544 (6.984); Cd2 , 63.544
(6.984); Ce1 , 47.142 (6.642); Ce2 ,
47.142 (6.642);
A53 124.057 176.041 51.338 (4.584) 92.564
E54 116.755 177.557 58.934 (4.442) 101.301 (2.170, ∗) Cg, 106.964 (2.485, ∗);
T55 103.35 173.35 58.624 (4.787) 73.740 (4.534) Cg2 , 91.759(∗);
L56 123.45 177.867 58.082 (2.874) 42.345 (1.606, ∗) Cg, 96.927 (1.515); Cd1 , 93.489(∗);
Cd2 , 95.036(∗);
D57 116.085 178.826 57.190 (4.179) 40.346 (2.579, ∗)
E58 120.689 177.681 58.934 (3.969) 100.550 (2.028, ∗) Cg, 106.911 (2.305, ∗);
A59 121.963 178.686 54.903 (3.646) 87.682
L60 117.291 177.867 58.624 (3.872) 41.570 (1.837, ∗) Cg, 97.200 (1.484); Cd1 , 93.715(∗);
Cd2 , 95.288(∗);
E61 118.481 179.243 59.399 (4.036) 99.660 (2.043, ∗) Cg, 106.456 (2.295, ∗);
L62 119.675 180.063 58.004 (4.172) 42.345 (1.872, ∗) Cg, 97.081 (1.820); Cd1 , 93.623(∗);
Cd2 , 95.535(∗);
A63 121.668 179.723 55.524 (4.200) 88.612
E64 118.153 179.104 60.640 (4.023) 99.618 (2.328, ∗) Cg, 107.912 (2.668, ∗);
W65 119.451 177.341 59.787 (4.353) 98.843 (3.490, ∗) Cd1 , 56.436 (7.240); Ce3 , 50.422
(7.635); Cz2 , 44.000 (7.420);
Cz3, 51.500 (7.100); Ne1 , 128.648
(10.048);
VIII
Residue N C Ca Cb Other
Q66 113.486 177.836 57.772 (3.855) 100.085 (2.016, ∗) Cg, 103.488 (2.061, ∗);
Y67 114.072 177.464 61.803 (4.583) 108.945 (2.996, ∗) Cd1 , 62.451 (7.157); Cd2 , 62.451
(7.157); Ce1 , 47.141 (6.649); Ce2 ,
47.141 (6.649);
V68 123.309
P69 176.722 65.368 (4.455) 101.092 (2.349, ∗) Cg, 98.224 (1.968, ∗); Cd, 51.275
(3.896, ∗);
A70 116.46 176.799 51.958 (4.511) 89.309
G71 105.992 174.046 45.136 (4.155, ∗)
F72 118.327 174.711 56.919 (4.895) 42.190 (2.991, ∗) Cd1 , 61.904 (7.259); Cd2 , 61.904
(7.259);
E73 117.752 175.608 54.826 (4.659) 102.643 (1.955, ∗) Cg, 106.365 (2.254, ∗);
V74 124.388 176.892 61.492 (4.789) 101.092 (2.100) Cg1 , 90.802(∗); Cg2 , 91.713(∗);
T75 118.113 175.454 62.345 (4.294) 69.012 (4.175) Cg2 , 91.895(∗);
R76 118.513 174.123 56.186 (4.599) 103.340 (1.913, ∗) Cg, 96.627 (1.643, ∗); Cd, 43.641
(3.137, ∗);
V77 121.392 173.845 61.337 (5.093) 104.891 (1.806) Cg1 , 92.168(∗); Cg2 , 92.168(∗);
R78 122.836 172.437 52.530 (5.323) 101.807 (2.049, ∗) Cg, 96.991 (1.873, ∗); Cd, 43.295
(3.211, ∗);
P79 175.964 62.810 (4.443) 102.100 (2.212, ∗) Cg, 97.312 (2.160, ∗); Cd, 50.634
(3.900, ∗);
C80 120.802 174.881 59.677 (4.395) 97.680 (2.611, ∗)
V81 122.846 175.16 61.492 (4.228) 102.685 (2.103) Cg1 , 89.801(∗); Cg2 , 90.984(∗);
A82 130.004 175.515 50.667 (4.603) 88.416
∗ denotes degenerate nuclei
IX
B.2 Complete resonance assignments of E. coli
RNAP beta prime Jaw domain
Residue N C Ca Cb Other
G13 173.884 45.253
L14 121.355 177.067 55.328 42.632
V15 122.1 174.371 59.833 102.869
P24 176.936 62.699 (4.484) 102.295 (2.003, ∗) Cg, 97.518 (1.921, ∗); Cd, 50.660
(3.817, ∗);
A25 124.425 177.722 52.707 (4.313) 89.19
I26 121.383 174.876 61.389 (4.269) 109.503 (1.482) Cg1, 96.970 (1.131, ∗); Cg2,
86.691(∗); Cd1, 83.519(∗);
L27 128.933 177.554 52.379 (5.106) 43.622 (1.068, ∗) Cg, 97.610 (1.560); Cd1, 94.868(∗);
Cd2, 93.771(∗);
A28 123.911 179.482 52.461 (4.063) 88.207
E29 126.69 175.419 58.031 (3.925) 100.493 (1.128, ∗) Cg, 105.093 (1.967, ∗);
I30 106.41 173.004 58.321 (4.417) 42.756 (1.836) Cg1, 95.171 (0.564, ∗); Cg2,
87.889(∗); Cd1, 84.703(∗);
S31 112.866 174.876 56.474 (4.831) 64.010 (3.797, ∗)
G32 109.751 170.458 45.991 (3.708, ∗)
I33 120.177 177.31 59.252 (4.654) 108.669 (1.788) Cg1, 97.793 (1.251, ∗); Cg2,
87.464(∗); Cd1, 81.062(∗);
V34 130.781 175.625 63.109 (4.594) 102.950 (2.103) Cg1, 93.223(∗); Cg2, 91.760(∗);
S35 123.252 170.907 58.031 (4.378) 65.730 (3.846, ∗)
F36 115.985 177.61 56.229 (5.690) 41.076 (2.945, ∗) Cd1, 61.759 (7.233); Cd2, 61.759
(7.233); Ce1, 60.666 (7.012); Ce2,
60.666 (7.012);
G37 110.377 173.978 43.779 (3.590, ∗)
K38 123.186 176.58 57.212 (4.269) 102.705 (1.790, ∗) Cg, 94.685 (1.527, ∗); Cd, 98.981
(1.719, ∗); Ce, 41.977 (1.720, ∗);
E39 125.241 177.142 56.510 (4.525) 100.739 (2.073, ∗) Cg, 106.476 (2.276, ∗);
T40 115.945 174.09 60.897 (4.614) 70.586 (4.222) Cg2, 90.944(∗);
G42 174.521 45.581 (3.954, ∗)
K43 120.22 174.614 55.322 (4.801) 106.384 (1.522, ∗) Cg, 95.508 (1.080, ∗); Cd, 99.621
(1.458, ∗); Ce, 42.251 (2.919, ∗);
R44 118.729 174.427 54.865 (4.506) 102.459 (1.561, ∗) Cg, 97.811 (1.130, ∗); Cd, 43.757
(2.915, ∗);
R45 125.807 174.09 55.047 (4.752) 102.541 (1.443, ∗) Cg, 97.518 (1.133, ∗); Cd, 43.439
(2.978, ∗);
L46 130.615 174.052 55.322 (4.471) 43.622 (1.275, ∗) Cg, 97.629 (1.567); Cd1, 94.807(∗);
Cd2, 93.532(∗);
V47 128.106 175.27 60.806 (4.771) 103.278 (1.955) Cg1, 90.663(∗); Cg2, 90.663(∗);
I48 124.751 175.794 60.652 (4.545) 40.011 (1.541) Cg1, 97.244 (0.650, ∗); Cg2,
87.830(∗); Cd1, 83.808(∗);
T49 124.305 173.622 60.734 (4.621) 70.000 (4.221) Cg2, 90.984(∗);
P50 177.853 62.699 (4.831) 104.015 (1.994, ∗) Cg, 97.884 (1.921, ∗); Cd, 52.214
(3.588, ∗);
V51 115.791 176.356 62.945 (4.255) 101.476 (2.368) Cg1, 91.029(∗); Cg2, 89.110(∗);
D52 118.545 177.236 53.362 (4.634) 41.158 (2.575, ∗)
G53 107.453 174.727 45.663 (3.777, ∗)
S54 115.729 172.779 57.385 (4.385) 63.355 (3.944, ∗)
D55 119.033 174.071 53.935 (4.626) 40.503 (2.554, ∗)
P56 175.756 62.268 (4.781) 103.003 (1.768, ∗) Cg, 97.518 (2.011, ∗); Cd, 50.751
(3.660, ∗);
Y57 123.071 173.172 57.539 (4.673) 42.632 (2.674, ∗) Cd1, 62.306 (6.958); Cd2, 62.306
(6.958); Ce1, 48.090 (6.834); Ce2,
48.090 (6.834);
E58 124.488 174.277 54.017 (5.392) 103.688 (1.659, ∗) Cg, 106.384 (1.950, ∗);
E59 123.244 54.956 (4.437) 104.191 (1.880, ∗) Cg, 105.912 (2.156, ∗);
M60 123.186 176.824 52.945 (5.412) 101.266 (1.640, ∗) Cg, 101.266 (2.487, ∗);
I61 124.369 173.509 57.789 41.063 (1.651) Cg1, 96.604 (1.181, ∗); Cg2,
86.733(∗); Cd1, 83.991(∗);
X
Residue N C Ca Cb Other
P62 178.34 63.518 (4.318) 101.968 (0.527, ∗) Cg, 98.158 (1.818, ∗); Cd, 51.391
(3.237, ∗);
K63 122.17 175.232 59.669 (3.826) 102.541 (1.704, ∗) Cg, 96.330 (1.308, ∗); Cd, 99.072
(1.580, ∗); Ce, 41.520 (2.851, ∗);
W64 112.031 177.048 56.311 (4.545) 97.840 (3.181, ∗) Cd1, 57.385 (7.340); Ce3, 50.800
(7.510); Ch2, 55.200 (7.210); Cz2,
44.800 (7.540); Cz3, 52.500 (7.170);
Ne1, 132.226 (10.676);
R65 120.651 176.037 54.773 (4.132) 98.615 (1.354, ∗) Cg, 96.970 (0.618, ∗); Cd, 41.246
(2.826, ∗);
Q66 123.822 176.262 55.492 (4.338) 99.101 (2.100, ∗) Cg, 106.590 (2.408, ∗); Ne2,
112.626 (7.530, 7.530);
L67 126.924 177.161 53.608 (4.969) 43.861 (1.443, ∗) Cg, 97.153 (1.659); Cd1, 95.690(∗);
Cd2, 93.314(∗);
N68 118.293 174.24 53.608 (4.821) 109.503 (2.531, ∗) Nd2, 110.626 (7.013, 6.952);
V69 108.906 173.341 58.113 (4.900) 105.326 (2.063) Cg1, 91.943(∗); Cg2, 89.018(∗);
F70 118.689 174.502 55.819 (4.919) 42.223 (2.910, ∗) Cd1, 62.853 (7.343); Cd2, 62.853
(7.343);
E71 119.592 177.011 58.522 (3.757) 99.756 (2.073, ∗) Cg, 106.367 (2.214, ∗);
G72 114.921 174.127 44.926 (3.599, ∗)
E73 121.303 174.895 56.966 (4.170) 100.821 (1.827, ∗) Cg, 106.659 (2.179, ∗);
R74 122.54 176.206 55.322 (4.890) 101.083 (1.659, ∗) Cg, 97.884 (1.480, ∗); Cd, 43.257
(3.100, ∗);
V75 118.99 174.82 58.703 (4.752) 105.162 (2.089) Cg1, 92.126(∗); Cg2, 89.110(∗);
E76 123.374 175.663 53.198 (4.663) 101.558 (1.778, ∗) Cg, 105.639 (2.201, ∗);
R77 122.267 177.273 57.789 (3.373) 99.529 (1.423, ∗) Cg, 96.696 (1.265, ∗); Cd, 43.348
(3.099, ∗);
G78 116.174 173.697 44.926 (3.442, ∗)
D79 121.349 176.15 54.754 (4.565) 40.830 (2.526, ∗)
V80 120.377 176.711 63.846 (3.865) 101.722 (1.985) Cg1, 92.187(∗); Cg2, 91.257(∗);
I81 128.59 175.944 62.208 (4.091) 107.701 (1.689) Cg1, 97.082 (1.122, ∗); Cg2,
87.616(∗); Cd1, 82.245(∗);
S82 112.326 173.921 57.424 (4.841) 64.827 (3.354, ∗)
D83 129.205 175.401 54.836 (4.565) 41.731 (2.634, ∗)
G84 113.744 177.779 46.973
∗ denotes degenerate nuclei
XI
B.3 Complete resonance assignments of bound
T7 Gp2
Residue N C Ca Cb Other
P16 176.05 63.348 101.897
R17 126.618 57.942
V24 175.769 62.365 (4.145) 102.552 (2.096) Cg1, 91.224(∗); Cg2, 90.181(∗);
N25 121.859 175.526 53.356 (4.806) 108.695 (2.786, ∗)
T26 114.147 175.245 62.260 (4.338) 69.736 (4.310) Cg2, 91.638(∗);
G27 110.943 174.196 45.575 (3.985, ∗)
S28 115.527 174.365 58.761 (4.441) 64.085 (3.840, ∗)
L29 123.688 177.192 55.403 (4.395) 42.299 (1.602, ∗) Cg, 97.008 (1.615); Cd1, 94.824(∗);
Cd2, 93.367(∗);
S30 116.604 174.721 58.188 (4.493) 63.839 (3.879, ∗)
V31 121.201 175.563 62.447 (4.159) 102.716 (2.090) Cg1, 91.365(∗); Cg2, 90.090(∗);
D32 123.093 175.563 54.175 (4.598) 40.988 (2.519, ∗)
N33 118.903 174.87 53.438 (4.623) 109.514 (2.722, ∗) Nd2, 110.750 (7.410, 6.730);
K34 121.802 173.522 55.895 (4.441) 104.027 (1.833, ∗) Cg, 94.514 (1.439, ∗); Cd, 98.901
(1.692, ∗); Ce, 42.062 (3.017, ∗);
K35 119.987 174.29 55.649 (4.211) 105.091 (1.317, ∗) Cg, 95.097 (0.333, ∗); Cd, 99.648
(1.386, ∗); Ce, 41.755 (2.067, ∗);
F36 124.776 173.859 55.860 (4.707) 42.217 (2.530, ∗) Cd1, 61.760 (6.811); Cd2, 61.760
(6.811); Ce1, 61.213 (7.145); Ce2,
61.213 (7.145); Cz, 58.479 (6.864);
W37 118.086 176.836 55.076 (5.473) 102.225 (2.894, ∗) Cd1, 56.838 (6.811); Ce3, 50.275
(7.238); Cz2, 44.806 (7.508); Ne1,
128.196 (10.220);
A38 128.591 175.713 49.916 (5.554) 90.677
T39 122.058 63.002 68.500 (4.089) Cg2, 91.547(∗);
V40 124.388 174.646 59.253 (4.996) 102.962 (0.963) Cg1, 91.820(∗); Cg2, 89.089(∗);
E41 120.682 176.162 55.403 (5.507) 104.272 (1.985, ∗) Cg, 106.748 (2.285, ∗);
S42 120.901 56.468
S43 175.095 61.136 (4.208) 62.856 (3.956, ∗)
E44 116.492 175.526 57.123 (4.362) 102.143 (1.662, ∗) Cg, 106.526 (2.035, ∗);
H45 116.615 173.485 55.321 (5.062) 104.518 (3.081, ∗)
S46 115.442 173.017 57.287 (5.466) 65.395 (3.740, ∗)
F47 120.907 172.605 56.304 (4.963) 40.579 (2.911, ∗) Cd1, 62.306 (6.885); Cd2, 62.306
(6.885); Ce1, 59.572 (6.688); Ce2,
59.572 (6.688);
E48 118.591 176.611 54.994 (5.564) 102.962 (1.702, ∗) Cg, 107.476 (2.125, ∗);
V49 118.507 57.533 (5.187) 104.043 (2.306) Cg1, 88.816(∗); Cg2, 91.729(∗);
P50 176.087 61.710 (4.845) 102.061 (1.408, ∗) Cg, 96.826 (2.160, ∗); Cd, 50.402
(4.007, ∗);
I51 123.316 174.234 58.188 (4.382) 40.579 (1.706) Cg1, 97.099 (1.275, ∗); Cg2,
88.088(∗); Cd1, 80.441(∗);
Y52 126.356 174.945 56.868 (5.471) 108.859 (2.745, ∗) Cd1, 63.400 (7.023); Cd2, 63.400
(7.023); Ce1, 47.541 (6.705); Ce2,
47.541 (6.705);
A53 124.004 176.274 51.472 (4.599) 92.478
E54 117.162 177.398 59.007 (4.493) 101.242 (2.185, ∗) Cg, 107.045 (2.307, ∗);
T55 102.846 173.354 58.597 (4.806) 73.913 (4.540) Cg2, 91.772(∗);
L56 123.263 177.136 57.369 (3.012) 42.381 (1.593, ∗) Cg, 96.068 (1.356); Cd1, 93.234(∗);
Cd2, 93.234(∗);
D57 114.945 57.369 (3.938) 40.715 (2.500, ∗)
E58 120.429 177.51 58.597 (3.958) 100.259 (1.958, ∗) Cg, 106.669 (2.297, ∗);
A59 122.128 178.839 54.994 (3.625) 87.155
L60 116.354 177.323 58.516 (3.948) 40.825 (1.278, ∗) Cg, 97.008 (1.521); Cd1, 96.280(∗);
Cd2, 93.458(∗);
E61 118.267 179.326 59.908 (4.007) 99.604 (2.027, ∗) Cg, 106.111 (2.057, ∗);
L62 119.807 180.018 58.024 (4.191) 42.217 (1.884, ∗) Cg, 96.917 (1.834); Cd1, 95.552(∗);
Cd2, 93.458(∗);
A63 121.616 179.85 55.731 (4.224) 88.22
XII
Residue N C Ca Cb Other
E64 117.206 179.195 60.891 (4.094) 99.604 (2.303, ∗) Cg, 108.296 (2.062, ∗);
W65 119.866 177.341 60.072 (4.352) 98.949 (3.515, ∗) Cd1, 56.290 (7.280); Ce3, 50.820
(7.677); Cz2, ∗ (7.437); Cz3, 51.916
(7.137); Ne1, 128.822 (10.064);
Q66 113.161 177.997 58.106 (3.820) 99.850 (1.556, ∗) Cg, 103.653 (1.613, ∗);
Y67 113.766 177.547 61.850 (4.597) 108.750 (2.718, ∗) Cd1, 62.854 (7.176); Cd2, 62.854
(7.176); Ce1, 48.088 (6.661); Ce2,
48.088 (6.661);
V68 123.3 67.607 (4.900) 98.742 (2.637) Cg1, 93.640(∗); Cg2, 90.910(∗);
P69 176.742 65.395 (4.451) 100.833 (2.322, ∗) Cg, 98.283 (1.862, ∗); Cd, 51.312
(3.268, ∗);
A70 116.256 176.78 51.800 (4.520) 88.875
G71 105.885 173.785 45.493 (3.781, ∗)
F72 118.275 56.990 (4.924) 42.000 (3.030, ∗) Cd1, 62.307 (7.322); Cd2, 62.307
(7.322); Ce1, 62.307 (6.867); Ce2,
62.307 (6.867); Cz, 59.570 (6.673);
E73 118.92 54.940 (4.697) 102.780 (1.987, ∗) Cg, 106.450 (2.373, ∗);
V74 125.32 176.78 61.300 (4.746) 101.078 (2.135) Cg1, 91.586(∗); Cg2, 91.586(∗);
T75 118.539 173.766 62.119 (4.326) 69.076 (4.191) Cg2, 91.393(∗);
R76 119.963 175.338 56.140 (4.973) 103.495 (1.836, ∗) Cg, 99.284 (1.702, ∗); Cd, 42.086
(3.015, ∗);
V77 123.743 173.242 62.201 (5.062) 104.933 (1.781) Cg1, 92.275(∗); Cg2, 92.275(∗);
R78 124.426 52.209 101.66
P79 175.357 63.020 (4.372) 101.897 (1.781, ∗) Cg, 97.164 (2.053, ∗); Cd, 51.019
(3.697, ∗);
C80 120.695 174.852 59.171 (4.548) 96.328
V81 126.766 175.263 61.874 (4.382) 102.716 (2.234) Cg1, 91.571(∗); Cg2, 90.168(∗);
A82 129.754 50.489
∗ denotes degenerate nuclei
XIII
B.4 Complete resonance assignments of bound
E. coli RNAP beta prime Jaw domain
Residue N C Ca Cb Other
G13 45.249 (3.992, ∗)
L14 121.285 55.242 (4.390) 42.465 (1.599, ∗) Cg , 96.966 (1.569); Cd1 ,
94.772(∗); Cd2 , 93.401(∗);
V15 121.833 59.665 (4.434) 102.701 (2.054) Cg1 , 90.823(∗); Cg2 , 90.823(∗);
M21 55.488 (4.426) 102.946 (1.955, ∗)
K22 122.336 56.143 (4.334) 103.520 (1.715, ∗) Cg , 94.534 (1.426, ∗); Cd , 98.903
(1.701, ∗); Ce , 41.937 (3.008, ∗);
P24 176.996 62.777 (4.426) 101.964 (1.917, ∗) Cg , 97.149 (1.923, ∗); Cd , 50.838
(3.728, ∗);
A25 123.993 177.587 52.703 (4.285) 89.023
I26 120.799 174.652 61.303 (4.115) 109.417 (1.543) Cg1 , 97.149 (0.978, ∗); Cg2 ,
86.455(∗); Cd1 , 82.433(∗);
L27 128.7 177.649 52.539 (5.058) 43.202 (1.059, ∗) Cg , 97.446 (1.555); Cd1 ,
94.807(∗); Cd2 , 93.441(∗);
A28 124.154 179.462 51.966 (4.040) 88.04
E29 126.521 175.569 57.320 (3.936) 100.056 (1.330, ∗) Cg , 105.453 (2.260, ∗);
I30 107.034 172.899 58.682 (4.387) 42.956 (1.776) Cg1 , 95.262(∗, ∗); Cg2 , 87.707(∗);
Cd1 , 84.885(∗);
S31 112.862 174.795 56.389 (4.766) 64.006 (3.775, ∗)
G32 110.064 170.516 45.741 (3.672, ∗)
I33 120.398 177.404 59.338 (4.624) 108.573 (1.785) Cg1 , 97.902 (1.243, ∗); Cg2 ,
87.525(∗); Cd1 , 81.335(∗);
V34 131.785 175.243 62.628 (4.700) 102.815 (2.059) Cg1 , 93.493(∗); Cg2 , 91.573(∗);
S35 122.774 170.515 58.027 (4.219) 65.234 (3.851, ∗)
F36 115.035 177.567 55.897 (5.775) 40.663 (2.927, ∗) Cd1 , 61.759 (7.261); Cd2 , 61.759
(7.261); Ce1 , 60.666 (7.029); Ce2 ,
60.666 (7.029);
G37 110.705 173.96 43.611 (3.587, ∗)
K38 123.737 176.364 57.371 (4.219) 102.783 (1.747, ∗) Cg , 94.589 (1.419, ∗); Cd , 98.885
(1.722, ∗); Ce , 41.881 (2.998, ∗);
E39 126.129 177.118 56.716 (4.568) 100.571 (1.993, ∗) Cg , 106.309 (2.238, ∗);
T40 117.595 173.063 61.057 (4.543) 70.968 (4.022) Cg2 , 90.722(∗);
K41 54.311 (4.672) 41.241 (2.634, ∗)
G42 115.021 46.396 (3.785, ∗)
K43 121.239 54.505 (4.719) 104.748 (1.679, ∗) Cg , 95.623 (1.297, ∗); Cd , 98.812
(1.295, ∗); Ce , 42.483 (2.652, ∗);
R44 118.685 174.184 54.423 (4.474) 102.619 (1.484, ∗) Cg , 97.629 (1.416, ∗); Cd , 43.666
(2.729, ∗);
R45 126.346 174.999 54.095 (5.058) 102.298 (1.493, ∗) Cg , 98.154 (1.189, ∗); Cd , 43.252
(3.292, ∗);
L46 130.427 173.593 55.324 (4.417) 43.775 (1.213, ∗) Cg , 97.446 (1.638); Cd1 ,
94.898(∗);
V47 127.94 175.529 60.811 (4.973) 102.946 (2.059) Cg1 , 90.619(∗); Cg2 , 90.619(∗);
I48 124.228 175.732 60.730 (4.606) 109.745 (1.540) Cg1 , 97.173(∗, ∗); Cg2 , 87.707(∗);
Cd1 , 83.246(∗);
T49 124.978 173.572 60.893 (4.557) 69.821 (3.961) Cg2 , 90.449(∗);
P50 177.913 62.777 (4.804) 103.684 (2.012, ∗) Cg , 97.741 (1.956, ∗); Cd , 52.004
(3.619, ∗);
V51 116.09 176.323 62.777 (4.200) 101.390 (2.370) Cg1 , 90.984(∗); Cg2 , 89.072(∗);
D52 118.508 177.24 53.358 (4.596) 40.826 (2.568, ∗)
G53 107.578 174.652 45.577 (3.794, ∗)
S54 115.662 172.696 59.010 (4.426) 63.596 (3.964, ∗)
D55 119.004 174.102 53.849 40.335 (2.568, ∗)
P56 175.692 62.941 (4.634) 102.455 (1.827, ∗) Cg , 97.741 (2.033, ∗); Cd , 50.910
(3.560, ∗);
Y57 124.973 173.45 57.863 (4.587) 41.727 (2.997, ∗) Cd1 , 62.305 (6.949); Cd2 , 62.305
(6.949); Ce1 , 49.730 (6.885); Ce2 ,
49.730 (6.885);
E58 124.075 173.98 53.686 (5.699) 104.257 (1.737, ∗) Cg , 106.640 (2.062, ∗);
XIV
Residue N C Ca Cb Other
E59 115.961 174.143 55.488 (4.917) 104.667 (2.438, ∗)
M60 117.652 175.305 53.849 (4.973) 104.830 (1.464, ∗) Cg , 102.197 (2.405, ∗); Ce ,
87.470(∗);
I61 118.458 54.500 (4.493) 102.420 (1.478)
P62 178.789 63.351 (4.326)
K63 122.363 175.284 58.928 (3.794) 101.882 (1.682, ∗) Cg , 95.595 (1.284, ∗); Cd , 99.251
(1.521, ∗); Ce , 41.515 (2.870, ∗);
W64 110.966 177.281 55.979 (4.558) 98.524 (3.181, ∗) Cd1 , 57.932 (7.363); Cd2 , 57.932
Ce 3, 50.800 (7.490); Ch2 , 55.198
(7.220); Cz2 , 44.800 (7.485); Cz3
, 53.000 (7.170); Ne1 , 132.770
(10.885);
R65 120.429 176.059 55.324 (4.172) 98.520 (1.342, ∗) Cg , 101.120 (0.303, ∗);
Q66 125.132 176.283 55.651 (4.285) 98.933 (2.115, ∗) Cg , 103.818 (2.446, ∗);
L67 127.081 177.179 53.686 (4.973) 43.939 (1.455, ∗) Cg , 97.057 (1.668); Cd1 ,
95.808(∗); Cd2 , 92.804(∗);
N68 118.458 174.265 52.950 (4.775) 109.499 (2.483, ∗)
V69 109.381 173.389 58.272 (4.813) 104.912 (2.030) Cg1 , 91.939(∗); Cg2 , 88.923(∗);
F70 118.947 174.591 55.569 (4.898) 41.727 (2.908, ∗) Cd1 , 62.306 (7.370); Cd2 , 62.306
(7.370); Cz , 57.930 (7.356);
E71 119.246 177.2 58.424 (3.775) 99.752 (2.096, ∗)
G72 114.762 174.204 44.922 (3.577, ∗)
E73 121.519 174.836 56.880 (4.190) 100.899 (1.804, ∗) Cg , 107.004 (2.251, ∗);
R74 122.68 176.222 55.488 (4.870) 101.145 (1.634, ∗) Cg , 97.811 (1.482, ∗); Cd , 43.393
(3.111, ∗);
V75 118.81 174.877 58.846 (4.738) 105.076 (2.078) Cg1 , 91.847(∗); Cg2 , 89.014(∗);
E76 123.487 175.631 53.112 (4.615) 101.390 (1.729, ∗) Cg , 105.639 (2.222, ∗);
R77 122.407 177.22 57.693 (3.351) 99.342 (1.361, ∗) Cg , 96.627 (1.252, ∗); Cd , 43.211
(3.083, ∗);
G78 116.273 173.715 44.840 (3.436, ∗)
D79 121.442 176.099 54.669 (4.540) 40.826 (2.634, ∗)
V80 120.501 175.957 64.255 (3.800) 31.533 (1.974) Cg1 , 21.547(∗); Cg2 , 21.547(∗);
I81 128.523 175.957 61.785 (4.228) 37.300 (1.695) Cg1 , 26.917 (1.181, ∗); Cg2 ,
17.086(∗); Cd1 , 11.989(∗);
S82 112.225 173.959 57.289 (4.851) 64.825 (3.332, ∗)
D83 129.556 175.427 55.078 (4.521) 41.727 (2.634, ∗)
G84 113.648 177.771 46.806
∗ denotes degenerate nuclei
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Appendix C
Structure Validation
XVI
Gp2_01_ramachand.ps ** Selected residues only
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Plot statistics
Residues in most favoured regions  [A,B,L]           
   347  80.7%
Residues in additional allowed regions  [a,b,l,p]    
    83  19.3%
Residues in generously allowed regions  [~a,~b,~l,~p]
     0   0.0%
Residues in disallowed regions                       
     0   0.0%
                                                     
  ---- ------
Number of non-glycine and non-proline residues       
   430 100.0%
Number of end-residues (excl. Gly and Pro)           
     0       
Number of glycine residues (shown as triangles)      
    10       
Number of proline residues                           
    30       
                                                     
  ----       
Total number of residues                             
   470       
Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected 
to have over 90% in the most favoured regions.
Model numbers shown inside each data point.
C.1 Structure Validation of Gp2
C.1.1 Ramachandran plot of Gp2 ensemble
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Gp2_08_ensramach.ps ** Selected residues only
Ensemble Ramachandran plots
Gp2 (10 models)**
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
C.2 Ramachandran plot of Gp2 ensemble - in-
dividual residue
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Ensemble Ramachandran plots
Gp2 (10 models)**
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
Gp2_08_ensramach.ps ** Selected residues only
Ensemble Ramachandran plots
Gp2 (10 models)**
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
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Plot statistics
Residues in most favoured regions  [A,B,L]           
    39  76.5%
Residues in additional allowed regions  [a,b,l,p]    
    11  21.6%
Residues in generously allowed regions  [~a,~b,~l,~p]
     0   0.0%
Residues in disallowed regions                       
     1   2.0%
                                                     
  ---- ------
Number of non-glycine and non-proline residues       
    51 100.0%
Number of end-residues (excl. Gly and Pro)           
     2       
Number of glycine residues (shown as triangles)      
     2       
Number of proline residues                           
     4       
                                                     
  ----       
Total number of residues                             
    59       
Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected 
to have over 90% in the most favoured regions.
C.2.1 Ramachandran plot of lowest energy structure of
Gp2
XXI
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Ensemble Ramachandran plots
Gp2_1_noHs (1 models)
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
C.2.2 Ramachandran plot of lowest energy structure of
Gp2 - individual residue
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
Gp2_09_ensch1ch2.ps ** Selected residues only
Ensemble chi1-chi2 plots
Gp2 (10 models)**
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
C.3 Sidechain torsion angles plot Gp2
C.4 Structure Validation of Jaw
C.4.1 Ramachandran plot of Jaw ensemble
XXV
Gp2_09_ensch1ch2.ps ** Selected residues only
Ensemble chi1-chi2 plots
Gp2 (10 models)**
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Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
Jaw_01_ramachand.ps ** Selected residues only
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Plot statistics
Residues in most favoured regions  [A,B,L]           
   411  83.9%
Residues in additional allowed regions  [a,b,l,p]    
    79  16.1%
Residues in generously allowed regions  [~a,~b,~l,~p]
     0   0.0%
Residues in disallowed regions                       
     0   0.0%
                                                     
  ---- ------
Number of non-glycine and non-proline residues       
   490 100.0%
Number of end-residues (excl. Gly and Pro)           
     0       
Number of glycine residues (shown as triangles)      
    60       
Number of proline residues                           
    30       
                                                     
  ----       
Total number of residues                             
   580       
Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected 
to have over 90% in the most favoured regions.
Model numbers shown inside each data point.
Jaw_ensemb_08_ensramach.ps ** Selected residues only
Ensemble Ramachandran plots
Jaw_ensemb (10 models)**
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
C.5 Ramachandran plot of Jaw ensemble - indi-
vidual residue
XXVIII
Jaw_ensemb_08_ensramach.ps ** Selected residues only
Ensemble Ramachandran plots
Jaw_ensemb (10 models)**
Page  2
PROCHECK-NMR
 -120
  -60
    0
   60
  120
1 234567 8910
A LEU 46 
cv 0.003
Gf -1.48
1
2345678
910
A VAL 47 
cv 0.003
Gf -0.21
1 2
345678910
A ILE 48 
cv 0.003
Gf -0.83
12345678910
A THR 49 
cv 0.001
Gf -2.36
 -120
  -60
    0
   60
  120
12345678910
A PRO 50 
cv 0.002
Gf  0.37
1
234567
8910
A VAL 51 
cv 0.002
Gf -1.51
1 23
45
6
78910
A ASP 52 
cv 0.006
Gf  0.19
1
23456789
10
A GLY 53 
cv 0.005
Gf  0.88
 -120
  -60
    0
   60
  120
123456
7
8
9
10
A SER 54 
cv 0.005
Gf -2.35
12345678910
A ASP 55 
cv 0.000
Gf -2.72
12345678910
A PRO 56 
cv 0.001
Gf -0.96
1234567
8
90
A TYR 57 
cv 0.004
Gf -0.39
 -120
  -60
    0
   60
  120 1234567890
A GLU 58 
cv 0.000
Gf -0.97
12
3
4
56
7
8
910
A GLU 59 
cv 0.005
Gf -0.76
1234567 8910
A MET 60 
cv 0.002
Gf -1.37
123 456 78910
A ILE 61 
cv 0.002
Gf -0.31
-180 -120 -60 0 60 120
 -180
 -120
  -60
    0
   60
  120
1 2345678910
A PRO 62 
cv 0.002
Gf -1.49
-180 -120 -60 0 60 120
123
456
78910
A LYS 63 
cv 0.003
Gf  0.42
-180 -120 -60 0 60 120
12 345 678
910
A TRP 64 
cv 0.003
Gf -0.87
-180 -120 -60 0 60 120 180
1 23
4
5
6
7
89
10
A ARG 65 
cv 0.004
Gf -0.72
Phi (degrees)
Ps
i (
de
gre
es)
cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
Jaw_ensemb_08_ensramach.ps ** Selected residues only
Ensemble Ramachandran plots
Jaw_ensemb (10 models)**
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
Jaw_lowest_noHs_01_ramachand.ps
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Plot statistics
Residues in most favoured regions  [A,B,L]           
    43  86.0%
Residues in additional allowed regions  [a,b,l,p]    
     7  14.0%
Residues in generously allowed regions  [~a,~b,~l,~p]
     0   0.0%
Residues in disallowed regions                       
     0   0.0%
                                                     
  ---- ------
Number of non-glycine and non-proline residues       
    50 100.0%
Number of end-residues (excl. Gly and Pro)           
     0       
Number of glycine residues (shown as triangles)      
     7       
Number of proline residues                           
     4       
                                                     
  ----       
Total number of residues                             
    61       
Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected 
to have over 90% in the most favoured regions.
C.5.1 Ramachandran plot of lowest energy structure of
Jaw
XXXI
Jaw_lowest_noHs_08_ensramach.ps
Ensemble Ramachandran plots
Jaw_lowest_noHs (1 models)
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
C.5.2 Ramachandran plot of lowest energy structure of
Jaw - individual residue
XXXII
Jaw_lowest_noHs_08_ensramach.ps
Ensemble Ramachandran plots
Jaw_lowest_noHs (1 models)
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
Jaw_lowest_noHs_08_ensramach.ps
Ensemble Ramachandran plots
Jaw_lowest_noHs (1 models)
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
Jaw_ensemb_09_ensch1ch2.ps ** Selected residues only
Ensemble chi1-chi2 plots
Jaw_ensemb (10 models)**
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
C.6 Sidechain torsion angles plot Jaw
C.7 Structure Validation of Gp2-Jaw complex
C.7.1 Ramachandran plot of Jaw ensemble
XXXV
Jaw_ensemb_09_ensch1ch2.ps ** Selected residues only
Ensemble chi1-chi2 plots
Jaw_ensemb (10 models)**
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Data points coloured according to G-factor: Favourable Unfavourable
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Plot statistics
Residues in most favoured regions  [A,B,L]           
   765  75.7%
Residues in additional allowed regions  [a,b,l,p]    
   228  22.6%
Residues in generously allowed regions  [~a,~b,~l,~p]
    16   1.6%
Residues in disallowed regions                       
     1   0.1%
                                                     
  ---- ------
Number of non-glycine and non-proline residues       
  1010 100.0%
Number of end-residues (excl. Gly and Pro)           
    10       
Number of glycine residues (shown as triangles)      
    80       
Number of proline residues                           
    80       
                                                     
  ----       
Total number of residues                             
  1180       
Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected 
to have over 90% in the most favoured regions.
Model numbers shown inside each data point.
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
before residue name signifies different residue-types at this position in the different structures
C.8 Ramachandran plot of Jaw ensemble - indi-
vidual residue
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
before residue name signifies different residue-types at this position in the different structures
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Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
before residue name signifies different residue-types at this position in the different structures
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
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Data points coloured according to G-factor: Favourable Unfavourable
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Plot statistics
Residues in most favoured regions  [A,B,L]           
    79  78.2%
Residues in additional allowed regions  [a,b,l,p]    
    22  21.8%
Residues in generously allowed regions  [~a,~b,~l,~p]
     0   0.0%
Residues in disallowed regions                       
     0   0.0%
                                                     
  ---- ------
Number of non-glycine and non-proline residues       
   101 100.0%
Number of end-residues (excl. Gly and Pro)           
     2       
Number of glycine residues (shown as triangles)      
     9       
Number of proline residues                           
     8       
                                                     
  ----       
Total number of residues                             
   120       
Based on an analysis of 118 structures of resolution of at least 2.0 Angstroms
and R-factor no greater than 20%, a good quality model would be expected 
to have over 90% in the most favoured regions.
C.8.1 Ramachandran plot of lowest energy structure of
Gp2-Jaw complex
XLIV
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
C.8.2 Ramachandran plot of lowest energy structure of
Gp2-Jaw complex - individual residue
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
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Ensemble chi1-chi2 plots
68complex (10 models)**
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
before residue name signifies different residue-types at this position in the different structures
C.9 Sidechain torsion angles plot Gp2-Jaw com-
plex
XLVIII
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
before residue name signifies different residue-types at this position in the different structures
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
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cv = Circular Variance (low values signify high clustering of the data points). Accessible Buried
Gf = Average G-factor for the residue (the higher the value the more favourable the conformations) based on analysis of high-res. Xstal structures  
Data points coloured according to G-factor: Favourable Unfavourable
